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ABSTRACT 
Synemin is a very unique, large intermediate filament (IF) protein present in 
all types of muscle cells. It forms heteropolymeric intermediate filaments (IFs) with 
the major IF proteins desmin and/or vimentin. There are two isoforms of human 
synemin, a-synemin and R-synemin, which are splice variants from the same gene. 
Avian synemin 9~as previously been shown to directly interact with the actin-binding 
and costameric protein a-actinin, and with the costameric protein vinculin. 
Dystrophin, the missing gene product in Duchenne muscular dystrophy (DMD), is 
enriched at the costameres that are located periodically and subjacent to the 
sarcolemma of normal skeletal muscle cells. Utrophin is present primarily at the 
sarcolemma in the neuromuscular and myotendinous junctions (NMJs and MTJs) in 
normal skeletal muscle cells. Dystrophin and its paralogue, utrophin, belong to the 
spectrin family of proteins, which include R-spectrin and a-actinin. We show herein 
that avian synemin directly interacts with both dystrophin and utrophin. Specific 
regions within both the human synemin isoforms are shown to directly interact with 
specific domains/regions within the dystrophin and utrophin molecules by protein- 
protein interaction assays. Blot overlay assays demonstrate that the rod domain of 
human a- and (3-synemin interacts with specific rod domain regions within both 
dystrophin and utrophin. The C-terminal end of the long tail domain of a-synemin 
interacts with the cysteine-rich (CR) domain of dystrophin, and with the CR domain 
and one rod domain region of utrophin. The interactions of the rod domain of human 
synemins with the rod domain regions of both dystrophin and utrophin, and the 
vinteraction of the C-terminal end of the tail domain of a-synemin with the rod domain 
region of utrophin have been verified by GST pull-down assays. Mammalian 
synemin was also shown to colocalize with dystrophin within muscle cell cultures. 
These results indicate that synemin is an important IF protein in muscle cells that 
helps fortify the linkage between the peripheral layer of cellular myofibrils, and both 
the costameric structures located along the sarcolemma and the sarcolemma 
located within the NMJs and MTJs. These interactions in toto should help maintain 
the overall stabiDity and integrity of muscle cells. 
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GENERAL INTRODUCTION 
Introduction 
The overall goal of the research described in this thesis was to determine 
whether there exists a direct connection between the intermediate filament (IF) 
network in muscle cells, and both the dystrophin-associated protein complex (DAPC) 
located at the costameres and the utrophin protein complex located at the 
neuromuscular and myotendinous junctions (NMJs and MTJs). Specifically I have 
explored whether there is a direct interaction between the unique IF protein synemin 
and both dystrophin, which is missing in Duchenne muscular dystrophy (DMD), and 
its paralogue utrophin. Thus, my hypothesis is that synemin directly and specifically 
interacts with both dystrophin and utrophin molecules in muscle cells. An interaction 
between synemin and dystrophin should help in connecting the force-generating 
contractile myofibrils in muscle cells to the dystrophin-containing costameric regions 
located periodically along the sarcolemma (muscle cell membrane) and ultimately to 
the extracellular matrix. Likewise, an interaction of synemin with utrophin should help 
link the contractile myofibrils to that region of the sarcolemma located in the NMJs 
and MTJs. The direct interactions of synemin with both dystrophin and utrophin may 
constitute important linkages in which a muscle cell is fortified at the costameric sites 
for lateral force transmission from inside the cell to the extracellular matrix, and may 
also strengthen linkages to the NMJs and MTJs. The specific goals of this thesis 
were to test my hypothesis by conducting molecular interaction experiments by 
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examining potential protein-protein interactions of specific regions of the synemin 
molecule with specific regions/domains of the dystrophin and utrophin molecules. 
This thesis contains a manuscript that will be submitted to the journal 
"Biochemical and Biophysical Research Communications" for publication. The 
manuscript describes the research conducted to identify direct and specific 
interactions between the unique IF protein synemin in muscle cells, and both 
dystrophin and utrophin. Direct interactions of tissue-purified avian synemin with 
both dystrophin and utrophin were initially identified in vitro by using solid phase 
protein-protein binding assays (blot overlay assays), and are described in the 
manuscript. Further mapping of the interactions of specific regions within the 
synemin molecule with regions/domains within both dystrophin and utrophin 
molecules utilized expressed regions of mammalian (human) synemin, and also 
utilized blot overlay assays. In these latter studies, the rod domain of mammalian 
synemin was shown to interact with the actin-binding basic region within the rod 
domain (R3) of dystrophin, and with a specific region within the rod domain (R3) of 
utrophin. The C-terminal region (TIIB) of the long tail domain of human a-synemin 
interacts with the cysteine-rich domains of both dystrophin and utrophin, and also 
with a region of the rod domain (R1) of utrophin located close to the N-terminal actin- 
binding domain. The C-terminal region (TIIB) of the tail domain of human a-synemin 
was shown to bind more strongly to the cysteine-rich domain of utrophin than it did 
to the cysteine-rich domain of dystrophin. Interactions demonstrated by blot overlay 
assays of the rod domain of mammalian synemin with rod domain regions of both 
dystrophin (R3) and utrophin (R3), as well as the interaction of the C-terminal region 
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(TIIB) of the tail domain of human a-synemin with rod domain region (R1) of utrophin 
were also confirmed by GST pull-down assays. Mammalian synemin was also found 
to colocalize with dystrophin along the cell edges (cell membranes) in vivo within 
smooth muscle cell cultures. My findings indicate that the intermediate filament 
protein synemin directly and specifically interacts with both dystrophin and utrophin 
molecules in muscle cells. By linking the peripheral layer of contractile myofibrils to 
the costameric sites located along the sarcolemma, and also to the sarcolemma that 
is located in the NMJs and MTJs, the interactions of synemin with dystrophin and 
utrophin may significantly foster and maintain stability and overall integrity of muscle 
cells. 
Thesis organization 
The manuscript-based format has been used in this thesis, with the inclusion 
of one manuscript that will be submitted to the journal "Biochemical and Biophysical 
Research Communications". I was responsible for the design and implementation of 
nearly all experiments described in the manuscript. I received initial help and 
guidance from Dr. Robert M. Bellin, a previous graduate student in our laboratory. 
References cited in the literature review are formatted in author/year style for easier 
reading. Those cited in the manuscript are formatted based upon requirements of 
the journal. Thus, the references are listed in separate `References' sections, 
corresponding with each of the two parts (General Introduction and Manuscript) of 
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the thesis. A comprehensive list of references, with article titles, is included and is 
located at the end of the thesis in the General Conclusions section. 
Literature review 
All metazoan cells contain an extensive cytoskeletal network that helps in the 
maintenance of their dynamic and mechanical stability. The cell cytoskeleton 
consists of three types of filamentous networks, namely the actin-containing 
microfilaments, the tubulin-containing microtubules, and the network of intermediate 
filaments containing specific IF proteins (Herrmann et al., 2003). Microfilaments 
consist of double-stranded, helical actin filaments having a diameter of about 6-8 
nanometers (nm), which, in turn, are composed of long polymers of globular actin 
(G-actin) monomers (Strelkov et al., 2003). Microtubules are constructed as long, 
hollow, 25-nm diameter tubular rods formed from tubulin monomers (Strelkov et al., 
2003). Both microfilaments and microtubules have directionality inherent in their 
construction, and their monomers (actin and tubulin, respectively) are known to be 
enzymatic in nature (Strelkov et al., 2003; Herrmann et al., 2003; Herrmann and 
Aebi, 2004). 
Intermediate filaments 
The intermediate filaments (IFs), in contrast to microtubules and 
microfilaments, are nonpolar and non-enzymatic in nature (Herrmann et al., 2003). 
Intermediate filaments were so named because the 10-nm diameter filaments 
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formed by the IF proteins are intermediate between the diameters of the thin actin-
containing filaments (~7-nm) and the thick myosin-containing filaments (~15-nm} in 
striated muscle cells (Ishikawa et al., 1968). The IFs also have a diameter 
intermediate between the microfilaments and the microtubules (Fuchs and Weber, 
1994; Parry and Steinert, 1999; Strelkov et al., 2003). The IFs are constructed from 
fibrous IF proteins that all contain central a-helical rod domains, which form coiled 
coils with either themselves (homopolymers) or with the rod domains of other IF 
proteins (heteropolymers) (Fuchs and Weber, 1994; Parry and Steinert, 1999; 
Strelkov et al., 2003; Herrmann et al., 2003; Herrmann and Aebi, 2004). A general 
scheme for IF formation is that the IF proteins initially form dimers that then 
assemble to form tetramers, the tetramers further associate laterally with other 
tetramers to form unit-length filaments (ULFs), and finally the ULFs join/extend 
longitudinally, and following compaction and reorganization, form "mature" IFs 
(Fuchs and Weber, 1994; Parry and Steinert, 1999; Herrmann and Aebi, 2000; 
Strelkov et al., 2003; Herrmann et al., 2003; Herrmann and Aebi, 2004). Many 
different IF proteins have been discovered in mammals, with at least 65 distinct 
proteins identified in the IF-protein superfamily in humans (Coulombe et al., 2001; 
Hesse et al., 2001; Strelkov et al., 2003; Herrmann and Aebi, 2004}. All IF proteins 
contain three common structural features, namely an N-terminal head domain, a 
central a-helical rod domain containing about 312 amino acid residues, and a C-
terminal tail domain (Fuchs and Weber, 1994; Coulombe et al., 2001; Herrmann et 
al., 2003; Strelkov et al., 2003). The rod is the most conserved domain of all IF 
proteins, with regions of especially high homology between different IF proteins 
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present at the N-terminal and C-terminal ends of the rod domain (Fuchs and Weber, 
1994; Coulombs et al., 2001). The head and tail domains have no characterized 
secondary structure and are highly variable in length among different types of IF 
proteins. 
The IF proteins can be classified on the basis of their genomic structure and 
nucleotide sequence homology into six different sequence types (I — ~/I), and also on 
the basis of their assembly with other IF proteins into three assembly groups (A — C, 
or 1 — 3) (Fuchs and Weber, 1994; Parry and Steinert, 1999; Herrmann and Aebi, 
2000; Coulombs et al., 2001; Herrmann and Aebi, 2004). Type I and type II IFs 
consist of the acidic and basic cytokeratins, respectively, which copolymerize 
exclusively with each other, thus belonging to assembly group A or 1, and are 
present in the cytoplasm of all epithelial cells (Fuchs and Weber, 1994; Coulombs et 
al., 2001). Type III IF proteins, such as desmin, vimentin, glial fibrillary acidic protein, 
and peripherin, are present in muscle cells, mesenchymal cells, astroglia, and 
neurons, respectively, belong to assembly group B or 2, and can form 
homopolymeric filaments (Robson et al., 2004) as well as heteropolymeric filaments 
with certain other IF proteins (Coulombs et al., 2001). Type I~/ IFs occur in neurons 
and are comprised of the three major neurofilament proteins, NF-L (light), NF-M 
(medium), NF-H (heavy), and the IF protein a-internexin (Fuchs and Weber, 1994). 
All of the neurofilament proteins belong to assembly group B, and associate with 
each other in different molar ratios to form heteropolymeric IFs (Coulombs et al., 
2001). The nuclear lamins, namely types A/C and type B, are present in the nuclear 
lamina of all cell types, and make up the type V IF proteins (Fuchs and Weber, 1994; 
Coulombe et al., 2001). They I~elong to assembly group C or 3, and do not form 
heteropolymers with I F proteins of the other assembly groups (Coulombe et al., 
2001). The Type VI IFs are comprised of the unusually large IF proteins, Westin, 
synemin, and paranemin, which evidently can only form heteropolymers with Type III 
IF proteins. Thus, they belong to assembly group B (Coulombe et al., 2001; 
Herrmann and Aebi, 2000). 
IFs are believed to play a structural role in metazoan cells by forming an 
important part of the cell cytos~celeton, thereby providing mechanical stability to the 
cells (Herrmann et al., 2003). Therefore, mutations in the genes encoding IF 
proteins, or a complete deletion of the IF proteins in specific tissues where they are 
normally expressed, have the potential for causing severe diseases (Fuchs and 
Weber, 1994; Fuchs and CIevE~land, 1998). Indeed, this is the case for several I F 
proteins, such as many of the keratins, desmin, the lamins, vimentin, and certain 
other IF proteins (Herrmann et al., 2003). For example, mutations in the genes for 
keratins K5 and K14, which arE: expressed in the basal epidermal layer of the skin, 
lead to a severe skin blistering disease known as epidermolysis bullosa simplex 
(EBS) (Fuchs and Weber, 1994; Fuchs and Cleveland, 1998; Herrmann et al., 
2003). Mutations in the keratin proteins in EBS lead to the disruption of the cell 
cytoskeletal network due to aggregates formed by the mutated protein, which results 
in rupture of the cells upon ex~►osure to stress (Fuchs and Weber, 1994; Fuchs and 
Cleveland, 1998). Thus, the keratin network in epidermal cells functions by providing 
mechanical stability for these cf;lls (Fuchs and Cleveland, 1998). 
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IFs in muscle cells 
The type III IF protein desmin, which is expressed in all types (skeletal, 
cardiac, and smooth) of muscle cells, is a 53-kDa protein that forms both 
homopolymeric IFs (Coulombe et al., 2001; Robson et al., 2004), and 
heteropolymeric IFs with other IF proteins such as synemin and syncoilin (Fuchs and 
Weber, 1994; Houseweart and Cleveland, 1998; Poon et al., 2002; Herrmann et al., 
2003; Robson et al., 2004). In normal skeletal muscle cells, desmin-containing IFs 
are present around the circumference of the Z-lines of every integral myofibril, 
thereby linking all adjacent myofibrils at their Z-lines and the peripheral layer of 
cellular myofibrils to the costameres located periodically and subjacent to the 
sarcolemma (Lazarides and Hubbard, 1976; Robson et al., 2004). Desmin-
containing IFs are also found at the neuromuscular and myotendinous junctions 
(NMJs and MTJs), as well as near the mitochondria in muscle cells (Sealock et al., 
1989; Tidball, 1992; Reipert et al., 1999). It has recently been shown that mutations 
in the desmin gene can cause desmin-related myopathies (DRMs), which are 
skeletal and cardiac myopathies that occur due to abnormal aggregation of desmin 
in the muscle cells (Paulin et al., 2004). This, in turn, results in the disruption of the 
desmin filament network, and eventually to an overall collapse of the sarcomeric 
myofibrils in striated muscle cells (Paulin et al., 2004). Thus, desmin is an important 
protein believed to help link together all of the myofibrils in a striated muscle cell at 
their Z-lines, and to also link them laterally to the nearby nuclei, mitochondria, and 
sarcolemma (Lazarides, 1980; Richardson et al., 1981). 
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Synemin 
Synemin is an IF protein in muscle cells that has been characterized as either 
a Type IV or Type VI IF protein (Coulombe et al., 2001; Hesse et al., 2001). Initially a 
230-kDa avian protein, named synemin, was purified and considered to be an IF-
associated protein because it was always found to be associated with desmin and/or 
vimentin IFs (Granger and Lazarides, 1980; Sandoval et al., 1983}. Later, when the 
avian synemin cDNA was cloned and sequenced in our lab, it was shown that 
synemin was, in fact, an IF protein because it contained the 310 amino acid (a.a.) 
IF rod domain and the IF consensus sequence motif in its rod domain (Becker et al., 
1995; Bellin et al., 1999). The avian synemin molecule consists of a very short N-
terminal head domain (10 a.a.), a rod domain (304 a.a.}, and an unusually long tail 
domain (1,290 a.a.) (Bellin et al., 1999). Synemin was shown to interact with desmin 
and vimentin via its rod domain, thus forming heteropolymeric IFs with these 
proteins (Bellin et al., 1999, Bellin et al., 2001). Synemin is an obligate 
heteropolymeric IF protein, which forms only heteropolymeric IFs with desmin and/or 
vimentin (Bellin et al., 1999). It was subsequently reported that avian synemin 
interacts with the Z-line and costameric protein a-actinin, and with the costameric 
protein vinculin by blot overlay assays (an in vitro solid-phase protein-protein binding 
assay) and by yeast two-hybrid assays (Bellin et al., 2001). In particular, the very 
end (last 300 a.a.) of the tail domain of avian synemin interacts with the N-terminal 
head and central rod domains of a-actinin, and with the tail domain of vinculin (Bellin 
et al., 2001). The rod domain of avian synemin also reportedly interacts with the tail 
domain of vinculin (Bellin et al., 2001). Because of these interactions of avian 
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synemin with other proteins, it was proposed that synemin functions as a component 
of heteropolymeric IFs that enables these IFs to serve as a link between the Z-lines 
of adjacent muscle cell myofibrils and between the peripheral layer of myofibrils and 
the costameres located at the muscle cell sarcolemma (Bellin et al., 2001). 
Mammalian synemin was first identified on western blots of partially purified 
synemin from porcine muscle tissues as two protein bands of 225-kDa and ~195-
kDa (Bilak et al., 1998). It was also shown that porcine synemin(s) colocalized with 
desmin at the Z-lines of muscle myofibrils (Bilak et al., 1998). The human synemin 
gene was subsequently cloned and sequenced, and shown to encode two splice 
variants (isoforms) of synemin, namely a-synemin and ~-synemin (Titeux et al., 
2001). a-Synemin, the larger 180-kDa isoform, consists of 1,565 amino acid 
residues, and ~-synemin, the smaller 150-kDa isoform, contains 1,253 amino acid 
residues. (Titeux et al., 2001). As a result of the alternative splicing, ~-synemin has a 
312 a.a. stretch missing within its tail domain, which is present in a-synemin (Titeux 
et al., 2001). In humans, the smaller ~3-synemin is the major isoform present in both 
skeletal and cardiac muscle cells, whereas in smooth muscle cells a- and ~- 
synemins are present in approximately equal amounts (Titeux et al., 2001). Both of 
the human synemin isoforms were shown to colocalize with desmin and vimentin IFs 
in muscle cells (Titeux et al., 2001). Human a-synemin is considered to be the 
ortholog of avian synemin, but it has only 40% overall homology with avian synemin 
(Titeux et al., 2001). Recently, the mouse synemin gene was cloned and sequenced 
and found to encode three different splice variants (isoforms) of synemin, H (high 
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ortholog of a-synemin), M (medium — ortholog of R-synemin), and a newly 
discovered L (low) form of synemin (Xue et al., 2004). Synemin has also been found 
to be expressed in brain cells, such as astrocytes and neuroglial cells, and to be 
associated with a-actinin at the ruffled membranes of glioblastoma cells (Jing et al., 
2005). The detailed functions of all of the different isoforms of synemin in muscle 
cells, as well as in brain cells, both in mice and in humans, are yet to be clearly 
identified. 
R-Synemin was independently discovered in another lab, and initially referred 
to as desmuslin (Mizuno et al., 2001). It was pulled out of a yeast two-hybrid screen 
for interacting partners of a-dystrobrevin (a dystrophin-related protein) (Mizuno et al., 
2001). The rod domain of R-synemin (desmuslin) was shown to interact with the C- 
terminal region of a-dystrobrevin by in vitro co-immunoprecipitation assays (Mizuno 
et al., 2001). a-Dystrobrevin is a component of the dystrophin-associated protein 
complex (DAPC) and directly interacts with dystrophin at the costameres (Sadoulet- 
Puccio et al., 1997). Therefore, the interaction of R-synemin with a-dystrobrevin may 
also represent an important function for synemin, i.e., that of helping to link the 
peripheral layer of muscle cell myofibrils at their Z-lines to the sarcolemma at the 
costameres, and ultimately to the extracellular matrix via the DAPC (Mizuno et al., 
2001). In support of this postulated function of R-synemin, it was shown that ~3- 
synemin localized to regions of high stress, such as the costameres, neuromuscular 
junctions (NMJs), and myotendinous junctions (MTJs) in human skeletal myofibers 
(Mizuno et al., 2004). Thus, R-synemin appears to be a critical structural component 
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of muscle cells that may help in maintaining the integrity of the myofibers during 
contraction (Mizuno et al., 2004). synemin has also been found to colocalize with 
the desmin found in the aggregates formed in diseased muscle cells of the desmin-
related myopathies, myofibrillar myopathies, and other muscle diseases (Olive et al., 
2003). A muscle or brain disease that is directly related to mutations in the synemin 
gene, or to the complete absence of the synemin protein, has not yet been reported. 
costameres 
Structural connections exist between the peripheral layer of myofibrils and the 
sarcolemma at the Z-lines. The desmin/synemin heteropolymeric IFs in muscle cells 
appear to connect all cellular myofibrils together at their Z-lines, and to also bind/link 
the peripheral layer of myofibrils to the vinculin-rich sites, called costameres, which 
are positioned periodically along and subjacent to the sarcolemma (Pardo et al., 
1983x; Pardo et al., 1983b; Craig and Pardo, 1983). costameres are multi-protein 
assemblies, lying just inside the sarcolemma and positioned in register with the Z-
lines of the peripheral layer of myofibrils, which help connect the force-generating 
myofibrillar sarcomeres to the sarcolemma and ultimately to the extracellular matrix 
(Ervasti, 2003). Dystrophin, one of the critical proteins involved in muscular 
dystrophy, is enriched at the costameres as are its associated proteins (Porter et al., 
1992). It is widely believed that the forces generated inside a muscle cell by the 
contractile myofibrils are laterally transmitted via the Z-lines to the costameres at the 
sarcolemma, and ultimately to the extracellular matrix (Bloch and Gonzales- 
Serratos, 2003). Although there are many proteins present at the costameres, the 
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actual functions of only a very few of these are known (Ervasti, 2003). Determination 
of how each of these costameric proteins function and contribute to the lateral 
transmission of forces in a muscle cell will continue to be of paramount importance, 
not only for studying the precise workings of a healthy skeletal muscle cells but also 
for understanding the molecular mechanisms involved in the muscular dystrophies 
and myopathies (Bloch and Gonzales-Serratos, 2003). 
Dystrophin 
Dystrophin is the missing protein, due to mutations in its gene, in the severe 
X-linked recessive, progressive muscle-wasting disease known as Duchenne 
Muscular Dystrophy (DMD) (Hoffman et al., 1987; Koenig et al., 1987; Koenig et al., 
1988; Ahn and Kunkel, 1993). The gene encoding dystrophin was first identified 
about 20 years ago, and found to be on the X-chromosome located at Xp21 (Koenig 
et al., 1987). The dystrophin gene is the largest gene yet identified, producing afull-
length 14 kb transcript that encodes a 427 kDa protein consisting of 3,685 amino 
acids (Koenig et al., 1987; Koenig et al., 1988). Full length dystrophin is expressed 
in three different tissues, namely brain, muscle, and Purkinje cells, and its 
expression is regulated by three different tissue-specific promoters present at the 
beginning of the dystrophin gene (Blake et al., 2002). There are also four other, 
shorter C-terminal isoforms of dystrophin that are expressed in the retina (Dp260) 
(D'Souza et al., 1995), brain (Dp140) (Lidov et al., 1995), Schwann cells (Dp116) 
(Byers et al., 1993), and most non-muscle tissues (Dp71) (Blake et al., 1992; 
Lederfein et al., 1992). These smaller isoforms of dystrophin have their independent 
14 
promoters present within the dystrophin gene, and are formed by the splicing of a 
different number of exons from the entire gene (Blake et al., 2002). All these smaller 
proteins contain the entire C-terminal region of the full-length dystrophin, which may 
indicate the importance of this region in binding to a number of the dystrophin-
associated proteins. 
Dystrophin belongs to the same family of proteins as ~-spectrin and a-actinin, 
namely the spectrin superfamily, and it consists of four clearly distinguishable 
domains, which can be identified based on their homology with similar regions in 
other spectrin family proteins and their ability to bind to other dystrophin-associated 
proteins (Koenig et al., 1987). In order, these four domains are: the N-terminal 
domain, the long, spectrin-like repeat-containing central rod domain, the cysteine-
rich domain, and the C-terminal domain (Blake et al., 2002). The central rod domain 
of dystrophin consists of 24 repeating units that are similar to the triple helical 
repeats found in spectrin, and it is divided by four small proline-rich hinge regions 
(Koenig and Kunkel, 1990). The long rod domain and the C-terminal region 
(cysteine-rich domain and C-terminal domain) of dystrophin are separated by a 
protein interaction domain called the WW domain (Bork and Sudol, 1994}. The 
cysteine-rich domain consists of two EF-hand-like motifs and a ZZ domain (Koenig 
et al., 1988; Pouting et al., 1996). The C-terminal domain can potentially form coiled-
coil interactions with other dystrophin-associated proteins (Blake et al., 1995). All of 
these different domains of dystrophin have at least one binding site for dystrophin-
associated proteins. 
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The dystrophin protein in normal adult skeletal muscle cells is primarily 
concentrated at the costameres (Porter et al, 1992). It is considered the most 
important component of the DAPC, which also consists of the dystroglycans, 
sarcoglycans, sarcospan, a-dystrobrevin, and the syntrophins (Blake et al., 2002). 
The dystrophin molecule is significantly different than the other proteins of the 
spectrin family, e.g., ~-spectrin and a-actinin, because it exists as a monomer, and 
the spectrin-like repeats of dystrophin are not functionally interchangeable with those 
of other spectrin family proteins (Harper et al., 2002). The long dystrophin molecule 
binds laterally, via its N-terminal domain and some basic repeat regions (repeats 11-
14) in the central rod domain, to y-actin. As a result, dystrophin stabilizes the cortical 
actin filaments (Rybakova et al., 1996; Rybakova et al., 1997; Amann et al., 1998). 
The cysteine-rich domain, especially the WW domain and the ZZ domain, contain 
important protein binding sites for ~-dystroglycan, which in turn binds to a-
dystroglycan present in the muscle cell membrane (Jung et al., 1995; Ishikawa-
Sakurai et al., 2004). The latter binding of dystrophin to the dystroglycan complex 
firmly anchors the protein just beneath the sarcolemma, and connects it to the 
extracellular matrix. The C-terminal coiled-coil region consists of binding sites for 
other dystrophin-associated proteins such as a-dystrobrevin and syntrophins (Yang 
et al., 1995; Sadoulet-Puccio et al., 1997). Dystrophin has been shown to interact 
with other proteins present at the costameres, such as a-actinin and aciculin (Belkin 
and Burridge, 1995; Hance et al., 1999). The N-terminal actin-binding domain of 
dystrophin was recently reported to interact with IFs containing keratin 19 (K19) 
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(Ursitti et al., 2004; Stone et al., 2005). Although dystrophin is the missing protein in 
DMD and it binds to many different proteins, the precise functions) of dystrophin still 
remains) unclear. 
Utrophin 
Utrophin was discovered shortly after dystrophin and was found to be an 
autosomal homolog of dystrophin (Love et al., 1989). Like the dystrophin gene, the 
utrophin gene is also very large, and is located on chromosome 6 in humans (Buckle 
et al., 1990). The full-length transcript of utrophin is 13 kb and it encodes a 395 kDa 
protein composed of 3,433 a.a. (Tinsley et al., 1992). Similar to dystrophin, utrophin 
also has multiple promoters in its gene that regulate the transcription of different 
transcripts (Pearce et al., 1993). The amino acid sequence of utrophin is ~60% 
homologous to that of dystrophin. It can be divided into the same four major domains 
as dystrophin, with the only difference being that the central rod domain of utrophin 
is made up of 22 spectrin-like repeats instead of the 24 present in dystrophin 
(Tinsley et al., 1992). Therefore, utrophin is believed to be a paralog of dystrophin. 
Utrophin is expressed exclusively at the NMJs and MTJs in normal adult 
muscle cells, and at the NMJs it is present at the crests of the junctions (Ohlendieck 
et al., 1991). The N-terminal region of utrophin is similar to the N-terminus of 
dystrophin in its actin-binding ability. However, the basic region present in the rod 
domain of dystrophin, which mediates the lateral binding of actin to dystrophin, is 
absent from utrophin (Rybakova et al., 2002). However, the rod domain of utrophin 
(repeats 1-10) helps in the lateral binding of actin to utrophin, albeit with a lower 
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affinity than exhibited by dystrophin (Rybakova and Ervasti, 2005). Since the C- 
terminal region (cysteine-rich domain and C-terminal domain) of utrophin is very 
homologous to the C-terminal region of dystrophin, it has some of the same binding 
partners in this region as does dystrophin. Indeed, it has been shown that utrophin 
can bind to R-dystroglycan, a-dystrobrevin, and the syntrophins (Yang et al., 1995). 
As with dystrophin, the precise functions) of utrophin also remains) unclear, but it is 
implicated in the formation of mature NMJs, and there is some evidence suggesting 
that the function of both dystrophin and utrophin at the sarcolemma may be similar 
(Blake et al., 2002). 
Duchenne muscular dystrophy (DMD) 
DMD is a severe X-linked recessive, progressive, debilitating muscle-wasting 
disease that affects ~1 out of every 3,500 boys. The major cause of death for DMD 
patients is respiratory failure by the age of 18 to 22 years (Blake et al., 2002). 
Although much is known about the pathology and physiology of DMD, after almost 
150 years of research there is no effective cure for this disease. In order to 
understand the patho-physiology of DMD and to find a cure, various animal models 
of the disease are being studied (Allamand and Campbell, 2000). The most 
researched animal model for DMD is the mdx mouse, which lacks the dystrophin 
protein due to a mutation in its gene that results in the formation of a premature stop 
codon (Sicinski et al., 1989). The mdx mouse exhibits many of the symptoms of 
DMD, although at a later time in its life as compared to DMD patients (Durbeej and 
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Campbell, 2002), and it has been a valuable resource to study and to try to find a 
cure for DMD. 
The deterioration of muscle with DMD has been proposed to occur in various 
stages. The immediate effect of a dystrophin deficiency in DMD is the disruption of 
the muscle cell membrane at various places, resulting in an influx of calcium into the 
muscle cells, which in turn leads to an activation of various proteases and disruption 
of calcium homeostasis in muscle cells (Alderton and Steinhardt, 2000). Finally, the 
cells begin to die faster than they can be regenerated, which leads to a complete 
breakdown of the muscle tissue (Blake et al., 2002). To cure DMD, all of the above 
symptoms must be overcome so that any kind of DMD therapy remains effective for 
the long term. Several different approaches are currently being pursued for finding 
an effective treatment for DMD. These approaches include: (i) strategies based on 
gene therapy, i.e., gene replacement therapy and antisense oligonucleotide-induced 
exon skipping; (ii) treatments based on stem-cell therapy and myoblast 
transplantation; (iii) pharmacological approaches, i.e., using aminoglycoside 
antibiotics to read through stop codons and using proteasome inhibitors to reduce 
protein degradation in diseased muscle cells; and (iv} upregulation therapy, 
especially the upregulation of utrophin expression to replace dystrophin in muscle 
cells (van Deutekom and van Ommen, 2003; Khurana and Davies, 2003; Nowak and 
Davies, 2004). Some of these strategies, such as gene replacement therapy, stem-
cell therapy, proteasomal inhibition, and utrophin upregulation, have been very 
successful at the cellular level and/or in animal models such as the mdx mouse, and 
are promising candidates for the eventual treatment of DMD in humans (Nowak and 
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Davies, 2004). However, for an effective, long-term treatment of DMD it is essential 
to elucidate the exact functions) of dystrophin (and utrophin) and also to know all of 
the different protein binding partners of dystrophin and utrophin (Sweeney and 
Barton, 2000). 
The intermediate filament network and the dystrophin-associated protein 
complex 
Evidence for direct interactions between the IF network in muscle cells and 
the DAPC has recently been forthcoming (Blake and Martin-Rendon, 2002). It was 
shown that a-dystrobrevin, which is adystrophin-related protein and a component of 
the DAPC, interacted with two different IF proteins in muscle cells, R-synemin 
(desmuslin) and syncoilin, which also binds to desmin (Mizuno et al., 2001; Newey 
et al., 2001; Poon et al., 2002). These studies were the first to demonstrate a direct 
link between the IF network that connects all of the myofibrils together and the 
DAPC present at the costameres along the sarcolemma in muscle cells (Blake and 
Martin-Rendon, 2002; Bloch and Gonzales-Serratos, 2003). Another direct linkage 
between the DAPC and the IFs in muscle cells was recently shown by a direct and 
specific interaction of IF filaments formed by cytokeratin K19 and the N-terminal 
actin-binding domain of dystrophin (Ursitti et al., 2004; Stone et al., 2005). All of 
these novel interactions between the IFs and the DAPC suggest that linkages 
between the contractile myofibrils and the sarcolemma may be numerous and 
complex in nature (Bloch and Gonzales-Serratos, 2003). 
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The contractile forces generated by actively contracting and relaxing muscle 
cells must be laterally transmitted from the sarcomeres through the sarcolemma to 
the extracellular matrix so as to maintain the overall integrity and stability of muscle 
cells (Ervasti, 2003; Bloch and Gonzales-Serratos, 2003). In DMD, as well as in 
DRMs, the structural and functional integrity of the muscle cell is lost due to the 
absence or malfunction of important proteins (dystrophin and desmin, respectively) 
that help in absorbing the forces generated inside muscle cells and redirecting them 
to the extracellular matrix (Blake and Martin-Rendon, 2002; Bloch and Gonzales-
Serratos, 2003). The costameric sites at which lateral force transmission takes place 
across the muscle cell sarcolemma must be mechanically strong to minimize the 
stress inflicted on the sarcolemma (Ervasti, 2003). A direct linkage/interaction of 
synemin with dystrophin and/or utrophin could be one of the ways that a muscle cell 
links the peripheral layer of cellular myofibrils to the costameric sites located along 
and subjacent to the sarcolemma, and to the sarcolemma located in the NMJs and 
MTJs. 
The objective of this research project was to determine whether the IF protein 
synemin directly and specifically interacts with the muscular dystrophy protein 
dystrophin, and with utrophin. synemin has been shown to interact with the 
costameric proteins vinculin and a-actinin (Bellin et al., 2001 }, and also with the 
dystrophin-related protein a-dystrobrevin (Mizuno et al., 2001). Dystrophin is 
concentrated at the costameres, and utrophin is present primarily at the NMJs and 
MTJs, and both of these proteins belong to the same family of proteins as a-actinin. 
Therefore, my hypothesis is that there are direct interactions of synemin with both 
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dystrophin and utrophin. The results of my research project, using biochemical 
protein-binding assays and colocalization studies in mammalian muscle cell cultures, 
indicate that synemin directly and specifically interacts with both dystrophin and 
utrophin, and, thus, may act as an important link between the peripheral layer of 
cellular myofibrils and the sarcolemma in muscle cells. This may well be one of the 
important mechanisms by which the overall stability and integrity of a muscle cell is 
maintained. 
References 
Ahn, A.H., and L.M. Kunkel (1993) The structural and functional diversity of 
dystrophin. Nat. Genet. 3:283-291. 
Alderton, J.M., and R.A. Steinhardt (2000) Calcium influx through calcium leak 
channels is responsible for the elevated levels of calcium-dependent proteolysis 
in dystrophic myotubes. J. Biol. Chem. 275:9452-9460. 
Allamand, V., and K.P. Campbell (2000) Animal models for muscular dystrophy: 
valuable tools for the development of therapies. Hum. Mol. Genet. 9:2459-2467. 
Amann, K.J., B.A. Renley, and J.M. Ervasti (1998) A cluster of basic repeats in the 
dystrophin rod domain binds F-actin through an electrostatic interaction. J. Biol. 
Chem . 273 :28419-28423 . 
Becker, B., R.M. Bellin, S.W. Sernett, T.W. Huiatt, and R.M. Robson (1995) Synemin 
contains the rod domain of intermediate filaments. Biochem. Biophys. Res. 
Com m u n . 213: 796-802 . 
Belkin, A.M., and K. Burridge (1995) Association of aciculin with dystrophin and 
utrophin. J. Biol. Chem. 270:6328-6337. 
Bellin, R.M., S.W. Sernett, B. Becker, W. Ip, T.W. Huiatt, and R.M. Robson (1999) 
Molecular characteristics and interactions of the intermediate filament protein 
synemin. Interactions with alpha-actinin may anchor synemin-containing 
heterofilaments. J. Biol. Chem. 274:29493-29499. 
22 
Bellin, R.M., T.W. Huiatt, D.R. Critchley, and R.M. Robson (2001) Synemin may 
function to directly link muscle cell intermediate filaments to both myofibrillar Z-
lines and costameres. J. Biol. Chem. 276:32330-32337. 
Bilak, S.R., S.W. Sernett, M.M. Bilak, R.M. Bellin, M.H. Stromer, T.W. Huiatt, and 
R.M. Robson (1998) Properties of the novel intermediate filament protein 
synemin and its identification in mammalian muscle. Arch. Biochem. Biophys. 
355:63-76. 
Blake, D.J., A. Weir, S.E. Newey, and K.E. Davies (2002) Function and genetics of 
dystrophin and dystrophin-related proteins in muscle. Physiol. Rev. 82:291-329. 
Blake, D.J., D.R. Love, J. Tinsley, G.E. Morris, H. Turley, K. Latter, G. Dickson, Y.H. 
-Edwards, and K.E. Davies (1992) Characterization of a 4.8kb transcript from the 
Duchenne muscular dystrophy locus expressed in Schwannoma cells. Hum. Mol. 
Genet. 1:103-109. 
Blake, D.J., and E. Martin-Rendon (2002) Intermediate filaments and the function of 
the dystrophin-protein complex. Trends Cardiovasc. Med. 12:224-228. 
Blake, D.J., J.M. Tinsley, K.E. Davies, A.E. Knight, S.J. Winder, and J. Kendrick-
Jones (1995) Coiled-coil regions in the carboxy-terminal domains of dystrophin 
and related proteins: potentials for protein-protein interactions. Trends Biochem. 
Sci . 20:133-135. 
Bloch, R.J., and H. Gonzalez-Serratos (2003) Lateral force transmission across 
costameres in skeletal muscle. Exerc. Sport Sci. Rev. 31:73-78. 
Bork, P., and M. Sudol (1994) The WW domain: a signalling site in dystrophin? 
Trends Biochem. Sci. 19:531-533. 
Buckle, V.J., J.L. Guenet, D. Simon-Chazottes, D.R. Love, and K.E. Davies (1990) 
Localisation of adystrophin-related autosomal gene to 6824 in man, and to 
mouse chromosome 10 in the region of the dystrophin muscularis (dy) locus. 
Hum . Genet. 85:324-326. 
Byers, T.J., H.G. Lidov, and L.M. Kunkel (1993) An alternative dystrophin transcript 
specific to peripheral nerve. Nat. Genet. 4:77-81. 
Coulombe, P.A., L. Ma, S. Yamada, and M. Wawersik (2001) Intermediate filaments 
at a glance. J. Cell Sci. 114:4345-4347. 
Craig, S.W., and J.V. Pardo (1983) Gamma actin, spectrin, and intermediate 
filament proteins colocalize with vinculin at costameres, myofibril-to-sarcolemma 
attachment sites. Cell Motil. 3:449-462. 
23 
D'Souza, V.N., T.M. Nguyen, G.E. Morris, W. Karges, D.A. Pillers, and P.N. Ray 
(1995) A novel dystrophin isoform is required for normal retinal electrophysiology. 
Hum. Mol. Genet. 4:837-842. 
Durbeej, M., and K.P. Campbell (2002) Muscular dystrophies involving the 
dystrophin-glycoprotein complex: an overview of current mouse models. Curr. 
Opin. Genet. Dev. 12:349-361. 
Ervasti, J.M. (2003) Costameres: the Achilles' heel of Herculean muscle. J. Biol. 
Chem. 278:13591-13594. 
Fuchs, E., and D.W. Cleveland (1998) A structural scaffolding of intermediate 
filaments in health and disease. Science 279:514-519. 
Fuchs, E., and K. Weber (1994) Intermediate filaments: structure, dynamics, 
function, and disease. Annu. Rev. Biochem. 63:345-382. 
Granger, B.L., and E. Lazarides (1980) Synemin: a new high molecular weight 
protein associated with desmin and vimentin filaments in muscle. Cell 22:727-
738. 
Hance, J.E., S.Y. Fu, S.C. Watkins, A.H. Beggs, and M. Michalak (1999) a-Actinin-2 
is a new component of the dystrophin-glycoprotein complex. Arch. Biochem. 
B io p hys . 365 :216-222 . 
Harper, S.Q., R.W. Crawford, C. DeIIORusso, and J.S. Chamberlain (2002) Spectrin-
like repeats from dystrophin and alpha-actinin-2 are not functionally 
interchangeable. Hum. Mol. Genet. 11:1807-1815. 
Herrmann, H., and U. Aebi (2000) Intermediate filaments and their associates: multi-
talented structural elements specifying cytoarchitecture and cytodynamics. Curr. 
Opin. Cell Biol. 12:79-90. 
Herrmann, H., and U. Aebi (2004) Intermediate filaments: molecular structure, 
assembly mechanism, and integration into functionally distinct intracellular 
scaffolds. Annu. Rev. Biochem. 73:749-789. 
Herrmann, H., M. Hesse, M. Reichenzeller, U. Aebi, and T.M. Magin (2003) 
Functional complexity of intermediate filament cytoskeletons: from structure to 
assembly to gene ablation. Int. Rev. Cytol. 223:83-175. 
Hesse, M., T.M. Magin, and K. Weber (2001) Genes for intermediate filament 
proteins and the draft sequence of the human genome: novel keratin genes and 
a surprisingly high number of pseudogenes related to keratin genes 8 and 18. J. 
Cel I Sci . 114:2569-2575. 
24 
Hoffman, E.P., R.H. Brown, and L.M. Kunkel (1987) Dystrophin: the protein product 
of Duchenne muscular dystrophy locus. Cell 51:919-928. 
Houseweart, M.~., and D.W. Cleveland (1998) Intermediate filaments and their 
associated proteins: multiple dynamic personalities. Curr. Opin. Cell Biol. 10:93-
101. 
Ishikawa, H., R. Bischoff, and H. Holtzer (1968) Mitosis and intermediate-sized 
filaments in developing skeletal muscles. J. Cell Biol. 38:538-555. 
Ishikawa-Sakurai, M., M. Yoshida, M. Imamura, K.E. Davies, and E. Ozawa (2004) 
ZZ domain is essentially required for the physiological binding of dystrophin and 
utrophin to ~-dystroglycan. Hum. Mol. Genet. 13:693-702. 
Jing, R., G. Pizzolato, R.M. Robson, G. Gabbiani, and O. Skalli (2005) Intermediate 
filament protein synemin is present in human reactive and malignant astrocytes 
and associates with ruffled membranes in astrocytoma cells. Glia 50:107-120. 
Jung, D., B. Yang, J. Meyer, J.S. Chamberlain, and K.P. Campbell (1995) 
Identification and characterization of the dystrophin anchoring site on ~-
dystroglycan. J. Biol. Chem. 270:27305-27310. 
Khurana, T.S., and K.E. Davies (2003) Pharmacological strategies for muscular 
dystrophy. Nat. Rev. Drug Discov. 2:379-390. 
Koenig, M., A.P. Monaco, and L.M. Kunkel (1988) The complete sequence of 
dystrophin predicts arod-shaped cytoskeletal protein. Cell 53:219-228. 
Koenig, M., and L.M. Kunkel (1990) Detailed analysis of the repeat domain of 
dystrophin reveals four potential hinge segments that may confer flexibility. J. 
Biol. Chem. 265:4560-4566. 
Koenig, M., E.P. Hoffman, C.J. Bertelson, A.P. Monaco, C. Feener, and L.M. Kunkel 
(1987) Complete cloning of the Duchenne muscular dystrophy (DMD) cDNA and 
preliminary genomic organization of the DMD gene in normal and affected 
individuals. Cell 50:509-517. 
Lazarides, E., and B.D. Hubbard (1976) Immunological characterization of the 
subunit of the 100 A filaments from muscle cells. Proc. Natl. Acad. Sci. USA 
73:4344-4348. 
Lazarides, E. (1980) Desmin and intermediate filaments in muscle cells. Results 
Prob. Cell Diff. 11:124-131. 
25 
Lederfein D., Z. Levy, N. Augier, D. Mornet, G. Morris, O. Fuchs, D. Yaffe, and U. 
Nudel (1992) A 71-kilodalton protein is a major product of the Duchenne 
muscular dystrophy gene in brain and other nonmuscle tissues. Proc. Natl. Acad. 
Sci . USA 89:611-616 . 
Lidov, H.G., S. Selig, and L.M. Kunkel (1995} Dp140: a novel 140 kDa CNS 
transcript from the dystrophin locus. Hum. Mol. Genet. 4:329-335. 
Love, D.R., D.F. Hill, G. Dickson, N.K. Spurr, B.C. Byth, R.F. Marsden, F.S. Walsh, 
Y.H. Edwards, and K.E. Davies (1989) An autosomal transcript in skeletal muscle 
with homology to dystrophin. Nature 339:55-58. 
Mizuno, Y., J.R. Guyon, S.C. Watkins, K. Mizushima, T. Sasaoka, M. Imamura, L.M. 
-Kunkel, and K. Okamoto (2004) ~-Synemin localizes to regions of high stress in 
human skeletal myofibers. Muscle Nerve 30:337-346. 
Mizuno, Y., T.G. Thompson, J.R. Guyon, H.G.W. Lidov, M. Brosius, M. Imamura, E. 
Ozawa, S.C. Watkins, and L.M. Kunkel (2001) Desmuslin, an intermediate 
filament protein that interacts with a-dystrobrevin and desmin Proc. Natl. Acad. 
Sci . USA 98:6156-6161. 
Newey, S.E., E.V. Howman, C.P. Ponting, M.A. Benson, R. Nawrtzki, N.Y. Loh, K.E. 
Davies, and D.J. Blake (2001) Syncoilin, a novel member of the intermediate 
filament superfamily that interacts with alpha-dystrobrevin in skeletal muscle. J. 
Biol. Chem. 276:6645-6655. 
Nowak, K.J., and K.E. Davies (2004) Duchenne muscular dystrophy and dystrophin: 
pathogenesis and opportunities for treatment. EMBO Rep. 5:872-876. 
Ohlendieck, K., J.M. Ervasti, K. Matsumura, S.D. Kahl, C.J. Leveille, and K.P. 
Campbell (1991) Dystrophin-related protein is localized to neuromuscular 
junctions of adult skeletal muscle. Neuron. 7:499-508. 
Olive, M., L. Goldfarb, A. Dagvadorj, N. Sambuughin, D. Paulin, Z. Li, B. Goudeau, 
P. Vicart, and I. Ferrer (2003) Expression of the intermediate filament protein 
synemin in myofibrillar myopathies and other muscle diseases. Acta 
Neuropathol. (Berl.) 106:1-7. 
Pardo, J.V., J.D. Siliciano, and S.W. Craig (1983x) A vinculin-containing cortical 
lattice in skeletal muscle: transverse lattice elements ("costameres") mark sites of 
attachment between myofibrils and sarcolemma. Proc. Natl. Acad. Sci. USA 
80:1008-1012. 
26 
Pardo, J.V., J.D. Siliciano, and S.W. Craig (1983b} Vinculin is a component of an 
extensive network of myofibril-sarcolemma attachment regions in cardiac muscle 
fibers. J. Cell Biol. 97:1081-1088. 
Parry, D.A.D., and P.M. Steinert (1999) Intermediate filaments: molecular 
architecture, assembly, dynamics and polymorphism. Q. Rev. Biophys. 32:99-
187. 
Paulin, D., A. Huet, L. Khanamyrian, and Z. Xue (2004) Desminopathies in muscle 
disease. J. Pathol. 204:418-427. 
Pearce, M., D.J. Blake, J.M. Tinsley, B.C. Byth, L. Campbell, A.P. Monaco, and K.E. 
Davies (1993) The utrophin and dystrophin genes share similarities in genomic 
structure. Hum. Mol. Genet. 2:1765-1772. 
Ponting, C.P., D.J. Blake, K.E. Davies, J. Kendrick-Jones, and S.J. Winder (1996) 
ZZ and TAZ: new putative zinc fingers in dystrophin and other proteins. Trends 
Biochem. Sci. 21:11-13. 
Poon, E., E.V. Howman, S.E. Newey, and K.E. Davies (2002) Association of 
syncoilin and desmin: linking intermediate filament proteins to the dystrophin-
associated protein complex. J. Biol. Chem. 277:3433-3439. 
Porter, G.A., G.M. Dmytrenko, J.C. Winkelmann, and R.J. Bloch (1992) Dystrophin 
colocalizes with beta-spectrin in distinct subsarcolemmal domains in mammalian 
skeletal muscle. J. Cell Biol. 117:997-1005. 
Reipert, S., F. Steinbock, I. Fischer, R.E. Bittner, A. Zeold, and G. Wiche (1999} 
Association of mitochondria with plectin and desmin intermediate filaments in 
striated muscle. Exp. Cell Res. 252:479-491. 
Richardson, F.L., M.H. Stromer, T.W. Huiatt, and R.M. Robson {1981) 
Immunoelectron and immunofluorescence localization of desmin in mature avian 
muscles. Eur. J. Cell Biol. 26:91-101. 
Robson, R.M., T.W. Huiatt, and R.M. Bellin, (2004) Muscle intermediate filament 
proteins, in B. Omary, P.A. Coulombe (Eds.). Methods in Cell Biology (Vol. 78), 
Elsevier Inc., San Diego, pp. 519-553. 
Rybakova, I.N., and J.M. Ervasti (1997) Dystrophin-glycoprotein complex is 
monomeric and stabilizes actin filaments in vitro through a lateral association. J. 
Biol. Chem. 272:28771-28778. 
27 
Rybakova, I.N., and J.M. Ervasti (2005) Identification of spectrin-like repeats 
required for high affinity utrophin-actin interaction. J. Biol. Chem. 280:23018-
23023. 
Rybakova, I.N., J.R. Patel, K.E. Davies, P.D. Yurchenco, and J.M. Ervasti (2002) 
Utrophin binds laterally along actin filaments and can couple costameric actin 
with sarcolemma when overexpressed in dystrophin-deficient muscle. Mol. Biol. 
Cell 13:1512-1521. 
Rybakova, I.N., K.J. Amann, and J.M. Ervasti (1996) A new model for the interaction 
of dystrophin with F-actin . J . Cel I Biol . 135: 661-672. 
Sadoulet-Puccio, H.M., M. Rajala, and L.M. Kunkel (1997) Dystrobrevin and 
dystrophin: an interaction through coiled-coil motifs. Proc. Natl. Acad. Sci. USA 
94:12413-12418. 
Sandoval, I.V., C.A.L.S. Colaco, and E. Lazarides (1983) Purification of the 
intermediate filament-associated protein, synemin, from chicken smooth muscle. 
Studies on its physicochemical properties, interaction with desmin, and 
phosphorylation. J. Biol. Chem. 258:2568-2576. 
Sealock, R., A.A. Murnane, D. Paulin, and S.C. Froehner (1989) Immunochemical 
identification of desmin in Torpedo postsynaptic membranes and at the rat 
neuromuscular junction. Synapse 3:315-324. 
Sicinski, P., Y. Geng, A.S. Ryder-Cook, E.A. Barnard, M.G. Darlison, and P.J. 
Barnard (1989) The molecular basis of muscular dystrophy in the mdx mouse: a 
point mutation. Science 244:1578-1580. 
Stone, M.R., A. O'Neill, D. Cantino, and R.J. Bloch (2005) Specific interaction of the 
actin-binding domain of dystrophin with intermediate filaments containing keratin 
19. Mol. Biol. Cell 16:4280-4293. 
Strelkov, S.V., H. Herrmann, and U. Aebi (2003) Molecular architecture of 
intermediate filaments. Bioessays 25:243-251. 
Sweeney, H.L., and E.R. Barton (2000) The dystrophin-associated glycoprotein 
complex: What parts can you do without? Proc. Natl. Acad. Sci. USA 97:13464-
13466. 
Tidball, J.G. (1992) Desmin at myotendinous junctions. Exp. Cell Res. 199:206-212. 
Tinsley, J.M., D.J. Blake, A. Roche, U. Fairbrother, J. Riss, B.C. Byth, A.E. Knight, J. 
Kendrick-Jones, G.K. Suther, and D.R. Love (1992) Primary structure of 
dystrophin-related protein. Nature 360:591-593. 
28 
Titeux, M., V. Brocheriou, Z. Xue, J. Gao, J.-F. Pellissier, P. Guicheney, D. Paulin, 
and Z. Li (2001) Human synemin generates splice variants encoding two distinct 
intermediate filament proteins. Eur. J. Biochem. 268:6435-6448. 
Ursitti, J.A., P.C. Lee, W.G. Resneck, M.M. McNally, A.L. Bowman, A. O'Neill, M.R. 
Stone, and R.J. Bloch (2004) Cloning and characterization of cytokeratins 8 and 
19 in adult rat striated muscle. Interaction with the dystrophin glycoprotein 
complex. J. Biol. Chem. 279:41830-41838. 
van Deutekom, J.C., and G.J. van Ommen (2003) Advances in Duchenne muscular 
dystrophy gene therapy. Nat. Rev. Genet. 4:774-783. 
Xue, Z.G., Y. Cheraud, V. Brocheriou, A. Izmiryan, M. Titeux, D. Paulin, and Z. Li 
{2004) The mouse synemin gene encodes three intermediate filament proteins 
generated by alternative exon usage and different open reading frames. Exp. 
Cell Res. 298:431-444. 
Yang, B., D. Jung, J.A. Rafael, J.S. Chamberlain, and K.P. Campbell (1995) 
Identification of a-syntrophin binding to syntrophin triplet, dystrophin, and 
utrophin. J. Biol. Chem. 270:4975-4978. 
29 
MOLECULAR INTERACTIONS OF THE INTERMEDIATE FILAMENT PROTEIN 
SYNEMIN WITH BOTH DYSTROPHIN AND UTROPHIN IN MUSCLE CELLS 
A paper to be submitted to Biochemical and Biophysical Research Communications 
Rahul C. Bhosle, Daniel E. Michele, Kevin P. Campbell, Zhenlin Li, Denise Paulin, 
and Richard M. Robson 
Abstract 
Synemin is a unique, very large intermediate filament (IF) protein present in 
all types of muscle cells, which forms heteropolymeric intermediate filaments (IFs) 
with the major IF proteins desmin and/or vimentin. We show herein that tissue- 
purified avian synemin directly interacts with both dystrophin and utrophin, and that 
specific expressed regions of both of the mammalian (human) synemin isoforms (a- 
synemin and R-synemin) directly interact with specific expressed domains/regions of 
the dystrophin and utrophin molecules. Mammalian synemin is also shown to 
colocalize with dystrophin within muscle cell cultures. These results indicate that 
synemin is an important IF protein in muscle cells that helps fortify the linkage 
between the peripheral layer of cellular myofibrils and the costameric regions located 
along the sarcolemma and the sarcolemma region located within the neuromuscular 
and myotendinous junctions (NMJs and MTJs). 
Keywords: Intermediate filaments; Desmin; Synemin; Dystrophin; Utrophin; Protein-
protein interactions 
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Introduction 
All metazoan cells contain a cytoskeleton that is comprised of three types of 
filamentous networks, namely the actin-containing microfilaments, the tubulin- 
containing microtubules, and the intermediate filament (IF) protein network. The 
intermediate filaments (IFs) are expressed in a cell-type specific manner and consist 
of different types of IF proteins that form long, 10-nm diameter filaments, which are 
intermediate in diameter between the 6-8-nm diameter microfilaments and the 25- 
nm diameter microtubules [1-3]. At least 65 different IF proteins have been identified 
in humans [4-6]. All IF proteins contain three common structural features, namely an 
N-terminal head domain, a central a -helical rod domain, and a C-terminal tail domain 
[7, 8]. IFs are known to play a structural role in eukaryotic cells by forming an 
important part of the cell cytoskeleton and providing mechanical stability to the cells 
[9]. The desmin-containing IFs in muscle cells are believed to encircle the Z-lines of 
each integral myofibril, thereby connecting all adjacent myofibrils and linking the Z- 
lines of the peripheral layer of cellular myofibrils to the sarcolemma at the 
costameres [10-12]. 
Synemin is an unusually large, obligate heteropolymeric IF protein that forms 
IFs with other major IF proteins in muscle cells such as desmin and/or vimentin [13- 
15]. Avian synemin, which was originally referred to as an intermediate filament- 
associated protein [13, 14], was first identified as a bona fide IF protein in muscle 
cells, and was subsequently shown to interact with the IF proteins desmin and 
vimentin [15-17]. Avian synemin was also shown to have binding regions for the 
actin-binding and costameric protein a-actinin, and for the costameric protein 
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vinculin [18]. The human synemin gene encodes two splice variants, a-synemin and 
(3-synemin, which differ only in their C-terminal tail domain [19]. a-Synemin is the 
larger isoform, containing an extra 312 amino acids located near the end of its long 
tail domain that is absent in the smaller R-synemin [19]. Human a-synemin shows 
only 40% overall homology with avian synemin [19]. Both a- and R-synemins can 
form heteropolymeric IFs with desmin in muscle cells [19, 20]. R-Synemin (also 
called desmuslin [20]) was shown to interact with the dystrophin-associated protein 
a-dystrobrevin, and to localize to the neuromuscular junctions (NMJs) and 
myotendinous junctions (MTJs) with a-dystrobrevin in skeletal muscle cells [20, 21]. 
These interactions suggest that synemin may be an important protein enabling the 
desmin/synemin heteropolymeric IFs to link the Z-lines of the peripheral layer of 
myofibrils to both the costameres located periodically along and subjacent to the 
sarcolemma, and to the sarcolemma that is present in the NMJs and MTJs in muscle 
cells [18, 21 ]. 
Costameres are multi-protein assemblies located subjacent to the 
sarcolemma in striated muscle cells and aligned with the Z-lines of the nearby 
peripheral layer of cellular myofibrils [22-25]. It is believed that the forces generated 
inside a muscle cell by the contractile myofibrils are laterally transmitted via their Z- 
lines to the costameres at the sarcolemma, and ultimately to the extracellular matrix 
[25]. Dystrophin is an important protein located primarily at the costameres in muscle 
cells [25, 26]. The absence of dystrophin in muscle cells results in a severe and 
debilitating muscle-wasting disease called Duchenne Muscular Dystrophy (DMD) 
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[26, 27]. Utrophin is an autosomal homologue of dystrophin that is present primarily 
at the NMJs and MTJs [37]. Both dystrophin and utrophin belong to the spectrin 
superFamily of proteins, which includes spectrin and a-actinin, and share a similar 
molecular structure containing four well-defined domains. Dystrophin and utrophin 
are connected to the sarcolemma via their interactions with the dystrophin- 
associated protein R-dystroglycan [28-31]. The N-terminal domains, in conjunction 
with the rod domains, of both dystrophin and utrophin contain actin-binding sites, but 
dystrophin and utrophin differ in their binding affinities to y-actin filaments [32-36]. In 
DMD the interactions between dystrophin and its binding partners are absent 
because dystrophin is missing in these cells, thus causing the severe phenotype 
observed in DMD [26]. Although much research has been and is being done, there is 
still no effective cure for DMD [44-46]. A long-term, effective cure for DMD may 
require knowledge of the exact function of dystrophin in muscle cells, which in turn 
may require the elucidation and characterization of all protein interactions involving 
dystrophin [38]. 
Protein-protein interactions have recently been demonstrated between the 
components of the IF filament network in muscle cells and the components of the 
dystrophin-associated protein complex (DAPC) [39]. Two IF proteins in muscle cells, 
R-synemin and syncoilin, have been shown to interact with a-dystrobrevin [20, 40, 
41]. In addition, IFs containing cytokeratin K19 were reported to directly interact with 
the N-terminal actin-binding domain of dystrophin in muscle cells [42, 43]. Our 
hypothesis is that the IF protein synemin directly interacts with both dystrophin and 
utrophin in muscle cells. We show herein, using in vitro protein-protein binding 
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assays, that avian synemin and both of the human synemin isoforms directly and 
specifically bind to dystrophin and utrophin. We have identified specific regions 
within the human synemin isoforms that interact with specific regions/domains within 
both the dystrophin and utrophin molecules. These direct interactions of synemin 
with dystrophin and utrophin may represent critical linkages between the peripheral 
layer of cellular myofibrils, and both the costameres located along and subjacent to 
the sarcolemma and the portion of the sarcolemma located within the NMJs and 
MTJs in skeletal muscle cells. 
Materials and methods 
Materials 
The full-length mouse cDNAs of dystrophin and utrophin were provided by Dr. 
Kevin P. Campbell (University of Iowa, Iowa City, IA). The full-length human cDNAs 
for both a- and R-synemin were provided by Dr. Denise Paulin (Universite Paris, 
Paris, France). Reagents for polymerise chain reaction (PCR) amplifications were 
obtained from Qiagen (Valencia, CA) and/or Bio-Rid (Hercules, CA). All primers 
used for the PCR amplification of the regions/domains of dystrophin, utrophin, and 
synemin were synthesized at the DNA Facility, Iowa State University (Ames, IA). 
Restriction enzymes used for cloning were from Bio-Rid (Hercules, CA). Tissue- 
purified, full-length avian synemin was prepared in our lab as described previously 
(17). All other chemical reagents (analytical grade) were obtained from Fisher 
Scientific (Hanover Park, IL) and/or Sigma (St. Louis, MO). 
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Synemin polyclonal antibody (pAb) 2856 was prepared as described 
previously [15]. Dystrophin monoclonal antibody (mAb) VIA4-2 A3 (IgM) was 
provided by Dr. Kevin P. Campbell's laboratory, desmin mAb was obtained from 
Sigma (St. Louis, MO), anti-His and anti-GST mAbs were obtained from Santa Cruz 
Biotechnology (Santa Cruz, CA), and the anti-MBP antiserum was obtained from 
New England BioLabs (Ipswich, MA). Secondary antibodies for Western blotting, 
horse-radish peroxidase (HRP)-labeled goat anti-rabbit IgG and goat anti-mouse 
IgG, were obtained from Sigma (St. Louis, MO). Secondary fluorescent Abs, Alexa 
Fluor 594 goat anti-rabbit IgG, Alexa Fluor 488 goat anti-mouse IgM, Alexa Fluor 
488 goat anti-rabbit IgG, and Alexa Fluor 546 goat anti-mouse IgG, for 
immunolabeling of mammalian cells were obtained from Invitrogen (Carlsbad, CA). 
Cloning of cDNA constructs of dystrophin, utrophin, and synemin 
The full-length mouse dystrophin cDNA was used to prepare eight different 
regions/domains of dystrophin by PCR amplification. Primers were designed to 
PCR-amplify the cDNAs encoding consecutive dystrophin regions/domains starting 
with the N-terminal domain (N); five consecutive regions of the long 24 spectrin-like 
repeat-containing rod (R) domain (R1, R2, R3, R4, and R5); the cysteine-rich 
domain (CR); and the C-terminal domain (C) (Fig. 1). These cDNAs were then 
cloned, using standard molecular biology procedures, between the Sal 1 and Not 1 
sites within the multiple cloning site regions of the bacterial fusion protein expression 
vectors pProEX HTb (Life Technologies, Carlsbad, CA) and pGEX-4T2 (Amersham 
Biosciences, Pittsburgh, PA), to be expressed as N-terminal 6X histidine (His)- 
tagged fusion proteins and N-terminal glutathione S-transferase (GST)-tagged fusion 
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proteins, respectively. Cloned constructs were transformed into E. coli BL21- 
CodonPlus (DE3) RIL cells (Stratagene, La Jolla, CA) for further expression and 
purification of the fusion proteins. The full length mouse utrophin cDNA was used to 
prepare eight different regions/domains of utrophin by PCR amplification. Primers 
were designed to PCR-amplify the cDNAs encoding consecutive utrophin 
regions/domains starting with the N-terminal domain (N); five consecutive regions of 
the 22 spectrin-like repeat-containing rod (R) domain (R1, R2, R3, R4, and R5); the 
cysteine-rich domain (CR); and the C-terminal domain (C) (Fig. 1). The cDNAs of the 
utrophin regions/domains were cloned into vectors as described for dystrophin. 
Based on the previously reported preparation of the fusion protein constructs 
of avian synemin [15], the full length human a- and R-synemin cDNAs [19] were 
used to prepare eight different regions/domains of the synemin molecules by PCR 
amplification. Primers were designed to PCR-amplify the a-synemin rod domain 
(Rod) and six regions of the long C-terminal tail (T) domain (TIA, TIB, TIIA, TIIB, TIII, 
and TIV) (Fig. 2). The TII region of R-synemin was also PCR-amplified separately 
(Fig. 2). These were cloned into the vector pGEX-4T2, and the cloned constructs 
were transformed into E. coli BL21-CodonPlus (DE3) RIL cells for expression and 
purification as GST-fusion proteins. The cDNA constructs of the synemin rod domain 
and of a-synemin TIIB were also cloned into pMAL-c2X vector (New England 
BioLabs, Ipswich, MA) for expression and purification as maltose-binding protein 
(MBP)-fusion proteins. All cloned constructs were checked for accuracy by 
sequencing at the DNA Facility, Iowa State University. 
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Expression and purification of fusion protein constructs 
All of the His-tagged, GST-tagged, and MBP-tagged fusion proteins of 
dystrophin, utrophin, and synemin were expressed in E. coli BL21-CodonPlus (DE3) 
RIL cells by induction with isopropyl-R-D-thiogalactopyranoside (IPTG). His-tagged 
fusion proteins were purified using nickel-nitrilotriacetic acid (Ni-NTA) resin (Qiagen 
Inc., Valencia, CA), GST-fusion proteins were purified using glutathione-agarose 
resin (Sigma, St. Louis, MO), and MBP-fusion proteins were purified using amylose 
resin (New England BioLabs Inc., Ipswich, MA) according to the standard protocols 
supplied by the affinity resin manufacturers. Purified fusion proteins were quantified 
by using the Bio-Rad protein assay reagent (Bio-Rad, Hercules, CA) or the BCA 
protein assay reagent (Pierce Biotechnology, Rockford, IL). 
Blot overlay assays 
Blot overlay assays were performed as previously described [15, 18] with 
slight modifications. Equal amounts of all of the His-tagged or purified GST-fusion 
proteins [50 or 100 pico-moles (pmoles)] of dystrophin or utrophin were subjected to 
sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) on a 12.5% 
or 10% polyacrylamide gel. The proteins were then electrophoretically transferred 
onto a nitrocellulose membrane (Amersham Biosciences, Pittsburgh, PA) that was 
subsequently blocked by incubation in phosphate-buffered saline (PBS) (140 mM 
NaCI, 2.7 mM KCI, 10 mM Na2HPO4, 1.8 mM KH2PO4, pH 7.4) containing 0.1 % (v/v) 
Tween-20 and 5% (w/v) non-fat milk powder at 4 °C overnight. The blots were 
incubated with 10 fag/mL of either purified avian synemin (for His-fusion proteins of 
dystrophin or utrophin) or purified human synemin fusion proteins (for GST-fusion 
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proteins of dystrophin or utrophin) in PBS containing 0.1 % (v/v) Tween-20 and 1 
(w/v) non-fat milk powder at room temperature for 2 hours, and then washed 
thoroughly with several fresh changes of PBS containing 0.1 %Tween-20. A control 
blot was treated identically, but incubated with buffer containing no avian synemin or 
human synemin fusion proteins. Western blot analysis was done to detect any 
protein interactions with synemin pAb 2856 or with anti-MBP antiserum (in the case 
of overlays using MBP-synemin fusion proteins), diluted 1:25,000 or 1:50,000 in PBS 
containing 0.1% (v/v) Tween-20 and 5% (w/v) non-fat milk powder. Protein 
interactions were detected by chemiluminescence using ECL reagent (Amersham 
Biosciences, Pittsburgh, PA). 
GST pull-down assays 
Each of the purified GST-fusion proteins (100 pmoles) of dystrophin or of 
utrophin were separately bound to pre-equilibrated glutathione agarose beads (100 
pL of 50% slurry) in GST pull-down (GPD) buffer (20 mM Tris-HCI, 10 mM EDTA, 1 
mM EGTA, 150 mM NaCI, 0.2% v/v Triton-X-100, 0.2% v/v NP-40, pH 7.5) at 4 °C 
for 4-6 hours. Simultaneously, the purified MBP-fusion proteins of synemin were pre-
cleared by mixing them with an excess of glutathione agarose beads. After washing 
the beads that had been loaded with GST-fusion proteins of dystrophin or utrophin, 
the pre-cleared MBP-fusion proteins ( 100 pmoles} of synemin were mixed with 
them in excess GPD buffer at 4 °C overnight. The beads were then washed 
thoroughly with GPD buffer, and the proteins were extracted in standard SDS-PAGE 
loading buffer by boiling the beads. The extracted proteins were subjected to SDS-
PAGE, and Western blot analysis was carried out with anti-MBP antiserum to 
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determine if the MBP-fusion proteins of synemin bound to any of the GST-fusion 
proteins of dystrophin or utrophin. GST protein was also used in the assay as a 
negative control. 
Immunofluorescent labeling of A-10 cells 
A-10 cells (American Type Culture Collection, Manassas, VA), derived from 
embryonic rat aorta smooth muscle, were maintained in Dulbecco's modified Eagle's 
medium (DMEM) with 4.5 g/L glucose, L-glutamine and sodium pyruvate, 
supplemented with 10% fetal bovine serum (FBS) (all reagents from Mediatech, 
Herndon, VA). For immunolabeling, the cells were grown on collagen-coated 
coverslips until ~70% confluency. The cells were then washed with PBS and fixed 
with 2% (v/v) formaldehyde (Electron Microscopy Sciences, Hatfield, PA) in PBS for 
3 minutes at 25 °C. After thoroughly washing with PBS, the cells were permeabilized 
with 0.2% (v/v) Triton-X-100 in PBS for 7-8 minutes at room temperature. The cells 
were again thoroughly washed with PBS, and blocked with 5% (w/v) bovine serum 
albumin (BSA} in PBS at 4 °C overnight. The fixed, permeabilized, and blocked cells 
on coverslips were then incubated with anti-synemin 2856 pAb plus anti-dystrophin 
VIA4-2 A3 mAb, or with anti-synemin 2856 pAb plus anti-desmin mAb diluted in PBS 
with 5% BSA for 2 hours at 25 °C. As a negative control, cells were also incubated in 
PBS with 5% BSA without any Abs. After washing, the cells were incubated with the 
appropriate fluorescent secondary antibodies for 90 min. at 25 °C. The negative 
controls were also incubated with each of the secondary Abs corresponding to those 
used for synemin and dystrophin, or synemin and desmin. After incubation with the 
secondary Abs, the coverslips were again thoroughly washed with PBS, then with 
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water, mounted onto glass slides with Immuno Fluore mounting media (ICN 
Biomedicals, Irvine, CA), and observed on a Zeiss Photomicroscope III at the Iowa 
State University College of Agriculture Microscopy Facility. The images were 
captured by a SPOT RT digital camera (Diagnostic Instruments, Sterling Heights, 
MI) attached to the microscope and prepared by using Adobe Photoshop 7.0 (Adobe 
Systems, San Jose, CA). 
Res u Its 
Cloning, expression, and purification of fusion protein constructs 
Because dystrophin and utrophin are very large proteins, the dystrophin and 
utrophin molecules were divided into smaller, non-overlapping, consecutive 
regions/domains in order to test direct and specific interactions of dystrophin and 
utrophin with synemin. The full-length mouse dystrophin cDNA was used to PCR-
amplify eight different, successive regions of the dystrophin gene encoding the 
respective eight domains/regions of the protein. These domains/regions included the 
N-terminus (N), five different consecutive regions containing 4 or 5 repeats each of 
the long, 24 spectrin-like repeat-containing rod (R) domain (R1, R2, R3, R4, and 
R5}, the cysteine-rich domain (CR), and the C-terminus (C) {Fig. 1). The cDNAs 
corresponding to each of these domains/regions of dystrophin were bacterially 
expressed as either His- or GST-tagged fusion proteins. Because utrophin is similar 
in general structure to dystrophin, it was divided in the same way, and the different 
domains/regions of utrophin were also expressed as either His- or GST-tagged 
fusion proteins (Fig. 1). Purified GST-fusion proteins of dystrophin and utrophin are 
40 
shown in Fig. 1 on Coomassie blue-stained SDS-PAGE gels. All of the His-fusion 
proteins and purified GST-fusion proteins of dystrophin and utrophin were then used 
for the in vitro protein-protein interaction studies. 
In order to map the interactions of specific regions of synemin with the 
different regions/domains of both dystrophin and utrophin, the human synemin 
proteins were also divided into smaller pieces. Human a-synemin cDNA was used to 
PCR amplify seven different regions of the a-synemin gene encoding the respective 
seven fragments of the protein. These regions are shown in Fig. 2, and include the 
rod domain (Rod) and six different regions of the long tail domain (T) of a-synemin 
(TIA, TIB, TIIA, TIIB, TIII, and TIV). PCR amplification of the common rod domain of 
a- and R-synemin was extremely difficult as the cDNA encoding this region of 
synemin is more than 70% GC-rich. It was possible to successfully PCR-amplify the 
rod domain only after inclusion of an additive such as betaine in the PCR mix [47]. 
Human R-synemin is identical to human a-synemin, except fora 312 a.a. stretch in 
the C-terminal tail region (TIII) found in a-synemin [19]. Therefore, the R-synemin 
cDNA was used to prepare a separate tail region (TII) specific to R-synemin (Fig. 2). 
The cDNAs corresponding to each of these regions of the human synemin isoforms 
were expressed and the GST-fusion proteins were purified. The rod domain of 
synemin was expressed and purified as an MBP-fusion protein because the GST- 
fusion protein was not very soluble. Purified MBP-fusion protein of the rod domain 
and purified GST-fusion proteins of both human synemins are shown in Fig. 2 on 
Coomassie blue-stained SDS-PAGE gels. The purified GST-fusion proteins and the 
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MBP-fusion protein of the rod domain of human synemin isoforms were then used 
for the in vitro protein-protein interaction studies. 
Interactions of synemin with both dystrophin and utrophin 
Blot overlay assays were used to test interactions between full-length avian 
synemin, and specific regions/domains of dystrophin and utrophin. All of the His- 
tagged fusion proteins of dystrophin (diluted bacterial cell lysates) were subjected to 
SDS-PAGE (Fig. 3A) and then electrophoretically blotted onto a nitrocellulose 
membrane. This blot was overlaid with tissue-purified, full-length avian synemin (10 
~g/mL in PBS, pH 7.4) and then probed with anti-synemin pAb 2856. As shown in 
Fig. 3B, avian synemin bound to His-fusion proteins R4 and CR of dystrophin, and 
weakly to R3. An identical control blot that was overlaid with buffer solution without 
synemin showed no binding (result not shown). The blot of all of the His-tagged 
fusion proteins of utrophin (diluted bacterial cell lysates) (Fig. 3C) was overlaid with 
full-length avian synemin (10 ~g/ml in PBS) and the blot was probed with anti- 
synemin pAb 2856. As shown in Fig. 3D, the avian synemin molecule bound 
significantly to His-fusion protein CR, and weakly to the N-terminal domain of 
utrophin. An identical control blot that was overlaid with buffer solution without any 
synemin showed no binding (result not shown). These results indicate that avian 
synemin directly interacts with specific regions of the dystrophin and utrophin 
proteins. 
Because of the potential implications of the interactions between synemin and 
both dystrophin and utrophin for research on DMD, the fusion protein constructs of 
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human a- and ~-synemin were utilized for the remainder of the experiments. The 
avian synemin molecule is homologous to human a-synemin, but it is only 37% 
identical in amino acid sequence to a-synemin [19]. The rod domains of avian 
synemin and a-synemin are 46% homologous, and the homology between the two 
molecules within the long C-terminal tail domain is lower (~ 40%) [19]. Thus, the 
binding of the two human synemin molecules to dystrophin and utrophin was 
expected to be somewhat different than that obtained with avian synemin. 
Blot overlay assays were employed to test interactions between specific 
regions/domains of dystrophin and specific fragments of human synemin molecules. 
All of the purified GST-fusion proteins of dystrophin were subjected to SDS-PAGE, 
and then blotted onto a nitrocellulose membrane for each blot overlay assay. The 
proteins on the blots were overlaid, in separate experiments, with each of the 
purified GST-fusion proteins prepared from the human synemins, and each blot was 
then probed with anti-synemin pAb 2856. One of the blots was overlaid with purified 
MBP-fusion protein of the synemin rod domain, and was probed with anti-MBP pAb. 
GST-a-synemin TIIB was shown to interact moderately with GST-dystrophin CR 
(Fig. 4A), and the MBP-synemin rod was shown to interact moderately with GST-
dystrophin R3 (Fig. 5A}. In all of the blot overlay assay experiments, identical control 
blots were used that were overlaid with buffer without any protein. The fusion 
proteins on the control blots did not show any binding to the pAb itself (Figs. 4B and 
5B). Purified GST protein was also included on the blots as a negative control. A 
control blot of all the purified GST-fusion proteins of dystrophin that was overlaid 
with purified MBP protein did not show any binding (result not shown). All of the blot 
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overlay assays were perFormed in buffer with approximately physiological pH (7.4) 
and ionic strength (0.17). The results of all of the blot overlay assays (each repeated 
at least three times) with all of the GST-fusion proteins of dystrophin overlaid with 
each of the synemin fusion proteins showed that only the synemin rod domain 
interacted with the rod domain region R3 of dystrophin, and a-synemin TIIB 
interacted with the CR region of dystrophin. None of the other regions of the human 
synemin molecules showed any binding to the regions/domains within dystrophin 
(results not shown). These results indicated that both of the human synemin proteins 
specifically interacted with dystrophin. 
Blot overlay assays were also done with all of the purified GST-fusion 
proteins of utrophin overlaid with each of the purified GST-fusion proteins of synemin 
and with the purified MBP-synemin rod domain. GST-a-synemin TIIB was shown to 
interact with GST-utrophin R1 and GST-utrophin CR (Fig. 4C). MBP-synemin rod 
was shown to interact with GST-utrophin R3 (Fig. 5C). All of the same controls and 
conditions were employed for these blot overlay assay experiments (Figs. 4D and 
5D), as with those done with the dystrophin fusion proteins. The results of all of the 
blot overlay assays (each repeated at least three times) with all of the GST-fusion 
proteins of utrophin overlaid with each of the fusion proteins of synemin showed that 
only the synemin rod domain interacted with the rod domain region R3 of utrophin, 
and a-synemin TIIB interacted with the rod domain region R1 and the CR region of 
utrophin. None of the other regions of the human synemin molecules showed any 
binding to the regions/domains within utrophin (results not shown). These results 
indicated that both of the human synemin isoforms specifically interacted with 
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utrophin. These results also showed that there were more binding regions between 
a-synemin and utrophin (three) than between a-synemin and dystrophin (two). 
The cysteine-rich regions of both dystrophin and utrophin are very 
homologous and also share a common binding partner, R-dystroglycan. It has been 
shown that R-dystroglycan binds more strongly to dystrophin than to utrophin [31]. 
Blot overlay assays were carried out to evaluate whether the binding of a-synemin 
TIIB was the same, or different, for dystrophin and utrophin. Equal amounts of GST- 
dystrophin CR and GST-utrophin CR transferred on to the blot were overlaid with 
GST-a-synemin TIIB, and it was shown that GST-a-synemin TIIB bound more 
strongly to GST-utrophin CR than to GST-dystrophin CR (Fig. 6). This result showed 
that, similar to the R-dystroglycan binding, there were differences in the binding of a- 
synemin to the dystrophin and utrophin molecules. 
GST pull-down assays were performed as described in the methods in order 
to compare them with the interactions observed in the blot overlay assays. Each of 
the purified GST-fusion proteins of dystrophin were bound to glutathione agarose 
beads, mixed separately with pre-cleared, purified MBP-synemin rod, and Western 
blotted with anti-MBP pAb. As shown in Fig. 7A, GST-dystrophin R3 was able to 
pull-down the MBP-synemin rod, which confirmed the result obtained in the blot 
overlay assay (Fig. 5A). A control consisting of GST protein alone did not bind to 
MBP-synemin rod. Also a control GST pull-down assay of the GST-dystrophin fusion 
proteins with MBP protein alone did not show any binding (result not shown). GST 
pull-down assays conducted with each of the purified GST-utrophin fusion proteins 
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mixed with purified MBP-synemin rod showed that only GST-utrophin R3 was able to 
pull-down the MBP-synemin rod (Fig. 7B), confirming the result observed for the blot 
overlay assay (Fig. 5C). The same controls used for the dystrophin fusion proteins 
were also employed in the GST pull-down assays of the utrophin fusion proteins. 
GST pull-down assays were also done with each of the purified dystrophin fusion 
proteins, and each of the purified utrophin fusion proteins, mixed with precleared, 
purified MBP-a-synemin TIIB. GST-utrophin R1 was able to pull-down MBP-a- 
synemin TIIB as shown in Fig. 7C. This confirmed the interaction of utrophin R1 with 
a-synemin TIIB observed in the blot overlay assay (Fig. 4C). The results observed 
with the GST pull-down assays confirmed all of the specific interactions detected by 
the blot overlay assays between the regions of synemin (rod and a-synemin TIIB), 
and the regions/domains of dystrophin (R3) and utrophin (R1 and R3), with the 
exception of the interaction between a-synemin TIIB and the CR regions of 
dystrophin and utrophin. 
Immunofluorescence colocalization of synemin and dystrophin in cultured muscle 
cells 
The localization of synemin and dystrophin was studied in vivo in rat aorta (A- 
10) cells by indirect immunofluorescence microscopy. The A-10 cells were double- 
immunolabelled for synemin and dystrophin with anti-synemin pAb 2856 and anti- 
dystrophin mAb VIA4-2 A3. Synemin colocalized with dystrophin at the cell edges 
(cell membranes) (Fig. 8 A-C). Control cells that were immunolabelled with only the 
secondary antibodies did not show any specific staining pattern (result not shown). 
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Because synemin forms heteropolymeric IFs with desmin in muscle cells [12, 18], a 
positive control was included in which the A-10 cells were double-immunolabelled for 
both synemin and desmin using anti-synemin pAb 2856 and anti-desmin mAb. 
Synemin was colocalized with desmin in the A-10 cells as expected (Fig. 8 D-F). 
These results show that synemin clearly is colocalized with dystrophin in vivo in the 
muscle cell cultures, and are in concert with the binding results observed between 
synemin and dystrophin in the in vitro protein-protein interaction assays. 
Discussion 
We demonstrate in this study for the first time that the muscle cell IF protein 
synemin interacts directly and specifically with both dystrophin and utrophin. The 
unique IF protein synemin is known to form obligate heteropolymeric IFs with the 
major IF proteins desmin and/or vimentin in muscle cells [15, 17, 19]. These IFs 
have been demonstrated to encircle and connect the myofibrillar Z-lines of all of the 
adjacent myofibrils in a muscle cell, and to connect the Z-lines of the peripheral layer 
of myofibrils to the sarcolemma at the costameres [10, 11]. It was previously shown 
that avian synemin interacts directly and specifically with the actin-binding protein a- 
actinin and with the costameric protein vinculin [15, 18]. It has also been reported 
that human R-synemin, which interacts directly with the dystrophin-associated 
protein a-dystrobrevin [20], is localized to the costameres, NMJs, and MTJs in 
skeletal muscle cells [21 ]. 
We show herein (Fig. 3) that tissue-purified avian muscle synemin directly 
and specifically interacts with specific regions/domains within both dystrophin and 
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utrophin molecules. The common rod domain of the a- and R-synemins interacts 
with specific spectrin-like repeat regions within the long rod domains of both 
dystrophin (R3) and utrophin (R3) (Figs. 5A, 5C, 7A, and 7B). The basic spectrin-like 
repeat region of dystrophin (R3) that reportedly binds to actin [34] is the same region 
that binds to the synemin rod domain. This is rather analogous to the findings that 
the N-terminal actin-binding domain of dystrophin [32] binds to the IF protein 
cytokeratin K19 in muscle cells [43]. This suggests that the IFs may have similar 
binding regions within dystrophin as do the actin-containing microfilaments. The rod 
domain of R-synemin (desmuslin) also interacts with the dystrophin-associated 
protein, a-dystrobrevin [20]. Thus, the rod domain of synemin has binding regions for 
dystrophin and for one of the dystrophin-associated proteins. The C-terminal region 
(TIIB) of the tail domain of a-synemin interacts with the cysteine-rich domains of 
both dystrophin and utrophin (Figs. 4A and 4C), with the CR domain of utrophin 
binding more strongly than the CR domain of dystrophin (Fig. 6). This is somewhat 
analogous to the different binding affinities of the dystrophin and utrophin CR 
domains for R-dystroglycan [29]. The C-terminal region (TIIB) of the tail domain of a- 
synemin also binds to the spectrin-like repeat region (R1) within the rod domain of 
utrophin (Figs. 5C and 7C). This suggests that the binding of a-synemin and 
utrophin may be complex in nature. a-Synemin has two binding sites for both 
dystrophin and utrophin, whereas ~3-synemin has only one binding site, i.e., the rod 
domain. 
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Costameres, NMJs, and MTJs are sites of multi-protein assemblies located 
subjacent to the sarcolemma. The direct interactions of the IF protein synemin with 
both dystrophin and utrophin shown herein help connect the peripheral layer of 
cellular myofibrils to the costameric region located along and subjacent to the 
sarcolemma, and to the sarcolemma located in the NMJs and MTJs. Thus, these 
interactions may play an important role in maintaining the cytoskeletal integrity of the 
muscle cells. 
Acknowledgements 
We thank Dr. Robert M. Bellin for initial help with this project and for useful 
discussions. We also thank Dr. Susan Veneziano for proofreading the manuscript 
and her valuable suggestions. This work was supported by grants from the Muscular 
Dystrophy Association, USA, and the United States Department of Agriculture, 
N RICGP Award 2003-35206-12823 to R.M.R. 
References 
[1 ] E. Fuchs, and K. Weber, Intermediate filaments: structure, dynamics, function, 
and disease, Annu. Rev. Biochem. 63 (1994) 345-382. 
[2] D.A.D. Parry, and P.M. Steinert, Intermediate filaments: molecular architecture, 
assembly, dynamics and polymorphism, Q. Rev. Biophys. 32 (1999) 99-187. 
[3] S.V. Strelkov, H. Herrmann, and U. Aebi, Molecular architecture of intermediate 
filaments, Bioessays 25 (2003) 243-251. 
[4] P.A. Coulombe, L. Ma, S. Yamada, and M. Wawersik, Intermediate filaments at a 
glance, J. Cell Sci. 114 (2001) 4345-4347. 
49 
[5] M. Hesse, T.M. Magin, and K. Weber, Genes for intermediate filament proteins 
and the draft sequence of the human genome: novel keratin genes and a 
surprisingly high number of pseudogenes related to keratin genes 8 and 18, J. 
Cell Sci. 114 (2001) 2569-2575. 
[6] H. Herrmann, and U. Aebi, Intermediate filaments: molecular structure, assembly 
mechanism, and integration into functionally distinct intracellular scaffolds, Annu. 
Rev. Biochem. 73 (2004) 749-789. 
[7] H. Herrmann, M. Hesse, M. Reichenzeller, U. Aebi, and T.M. Magin, Functional 
complexity of intermediate filament cytoskeletons: from structure to assembly to 
gene ablation, Int. Rev. Cytol. 223 (2003) 83-175. 
[8] I .M. Robson, Intermediate filaments, Curr. Opin. Cell Biol. 1 (1989) 36-43. 
[9] E. Lazarides, Intermediate filaments as mechanical integrators of cellular space, 
Nature 283 (1980) 249-256. 
[10] E. Lazarides, Desmin and intermediate filaments in muscle cells, Results Prob. 
Cell Diff. 11 (1980) 124-131. 
[11 ] F.L. Richardson, M.H. Stromer, T.W. Huiatt, and R.M. Robson, Immunoelectron 
and immunofluorescence localization of desmin in mature avian muscles, Eur. J. 
Cell Biol. 26 (1981) 91-101. 
[12] R.M. Robson, T.W. Huiatt, and R.M. Bellin, Muscle intermediate filament 
proteins, in B. Omary, P.A. Coulombe (Eds.), Methods in Cell Biology (2004} 
(Vol. 78), Elsevier Inc., San Diego, pp. 519-553. 
[13] B.L. Granger, and E. Lazarides, Synemin: a new high molecular weight protein 
associated with desmin and vimentin filaments in muscle, Cell 22 (1980) 727-
738. 
[14] I.V. Sandoval, C.A.L.S. Colaco, and E. Lazarides, Purification of the 
intermediate filament-associated protein, synemin, from chicken smooth muscle. 
Studies on its physicochemical properties, interaction with desmin, and 
phosphorylation, J. Biol. Chem. 258 (1983) 2568-2576. 
[15] R.M. Bellin, S.W. Sernett, B. Becker, W. Ip, T.W. Huiatt, and R.M. Robson, 
Molecular characteristics and interactions of the intermediate filament protein 
synemin. Interactions with alpha-actinin may anchor synemin-containing 
heterofilaments, J. Biol. Chem. 274 (1999) 29493-29499. 
50 
[16] B. Becker, R.M. Bellin, S.W. Sernett, T.W. Huiatt, and R.M. Robson, Synemin 
contains the rod domain of intermediate filaments, Biochem. Biophys. Res. 
Commun. 213 (1995) 796-802. 
[17] S.R. Bilak, S.W. Sernett, M.M. Bilak, R.M. Bellin, M.H. Stromer, T.W. Huiatt, and 
R.M. Robson, Properties of the novel intermediate filament protein synemin and 
its identification in mammalian muscle, Arch. Biochem. Biophys. 355 (1998) 63-
76. 
[18] R.M. Bellin, T.W. Huiatt, D.R. Critchley, and R.M. Robson, Synemin may 
function to directly link muscle cell intermediate filaments to both myofibrillar Z-
lines and Costameres, J. Biol. Chem. 276 (2001) 32330-32337. 
[19] M. Titeux, V. Brocheriou, Z. Xue, J. Gao, J.-F. Pellissier, P. Guicheney, D. 
Paulin, and Z. Li, Human synemin generates splice variants encoding two distinct 
intermediate filament proteins, Eur. J. Biochem. 268 (2001) 6435-6448. 
[20] Y. Mizuno, T.G. Thompson, J.R. Guyon, H.G.W. Lidov, M. Brosius, M. Imamura, 
E. Ozawa, S.C. Watkins, and L.M. Kunkel, Desmuslin, an intermediate filament 
protein that interacts with a-dystrobrevin and desmin, Proc. Natl. Acad. Sci. USA 
98 (2001) 6156-6161. 
[21 ] Y. Mizuno, J.R. Guyon, S.C. Watkins, K. Mizushima, T. Sasaoka, M. Imamura, 
L.M. Kunkel, and K. Okamoto, [3-Synemin localizes to regions of high stress in 
human skeletal myofibers, Muscle Nerve 30 (2004) 337-346. 
[22] J.V. Pardo, J.D. Siliciano, and S.W. Craig, Avinculin-containing cortical lattice in 
skeletal muscle: transverse lattice elements ("Costameres") mark sites of 
attachment between myofibrils and sarcolemma, Proc. Natl. Acad. Sci. USA 80 
(1983x) 1008-1012 . 
[23], J.V. Pardo, J.D. Siliciano, and S.W. Craig, Vinculin is a component of an 
extensive network of myofibril-sarcolemma attachment regions in cardiac muscle 
fibers, J. Cell Biol. 97 (1983b) 1081-1088. 
[24] S.W. Craig, and J.V. Pardo, Gamma actin, spectrin, and intermediate filament 
proteins colocalize with vinculin at Costameres, myofibril-to-sarcolemma 
attachment sites, Cell Motil. 3 (1983) 449-462. 
[25] J.M. Ervasti, Costameres: the Achilles' heel of Herculean muscle, J. Biol. Chem. 
278 (2003) 13591-13594. 
[26] D.J. Blake, A. Weir, S.E. Newey, and K.E. Davies, Function and genetics of 
dystrophin and dystrophin-related proteins in muscle, Physiol. Rev. 82 (2002) 
291-329. 
51 
[27] M. Koenig, E.P. Hoffman, C.J. Bertelson, A.P. Monaco, C. Feener, and L.M. 
Kunkel, Complete cloning of the Duchenne muscular dystrophy (DMD) cDNA and 
preliminary genomic organization of the DMD gene in normal and affected 
individuals, Cell 50 (1987) 509-517. 
[28] D. Jung, B. Yang, J. Meyer, J.S. Chamberlain, and K.P. Campbell, Identification 
and characterization of the dystrophin anchoring site on ~-dystroglycan, J. Biol. 
Chem. 270 (1995) 27305-27310. 
[29] M. Ishikawa-Sakurai, M. Yoshida, M. Imamura, K.E. Davies, and E. Ozawa, ZZ 
domain is essentially required for the physiological binding of dystrophin and 
utrophin to ~-dystroglycan, Hum. Mol. Genet. 13 (2004) 693-702. 
[30] B. Yang, D. Jung, J.A. Rafael, J.S. Chamberlain, and K.P. Campbell, 
Identification of a-syntrophin binding to syntrophin triplet, dystrophin, and 
utrophin, J. Biol. Chem. 270 (1995) 4975-4978. 
[31] H.M. Sadoulet-Puccio, M. Rajala, and L.M. Kunkel, Dystrobrevin and dystrophin: 
an interaction through coiled-coil motifs, Proc. Natl. Acad. Sci. USA 94 (1997) 
12413-12418. 
[32] I.N. Rybakova, K.J. Amann, and J.M. Ervasti, A new model for the interaction of 
dystrophin with F-actin, J. Cell Biol. 135 (1996) 661-672. 
[33] I.N. Rybakova, and J.M. Ervasti, Dystrophin-glycoprotein complex is monomeric 
and stabilizes actin filaments in vitro through a lateral association, J. Biol. Chem. 
272 (1997) 28771-28778. 
[34] K.J. Amann, B.A. Renley, and J.M. Ervasti, A cluster of basic repeats in the 
dystrophin rod domain binds F-actin through an electrostatic interaction, J. Biol. 
Chem. 273 (1998) 28419-28423. 
[35] I.N. Rybakova, J.R. Patel, K.E. Davies, P.D. Yurchenco, and J.M. Ervasti, 
Utrophin binds laterally along actin filaments and can couple costameric actin 
with sarcolemma when overexpressed in dystrophin-deficient muscle, Mol. Biol. 
Cell 13 (2002) 1512-1521. 
[36] I.N. Rybakova, and J.M. Ervasti, Identification of spectrin-like repeats required 
for high affinity utrophin-actin interaction, J. Biol. Chem. 280 (2005) 23018-
23023. 
[37] D.R. Love, D.F. Hill, G. Dickson, N.K. Spurr, B.C. Byth, R.F. Marsden, F.S. 
Walsh, Y.H. Edwards, and K.E. Davies, An autosomal transcript in skeletal 
muscle with homology to dystrophin, Nature 339 (1989) 55-58. 
52 
[38] H.L. Sweeney, and E.R. Barton, The dystrophin-associated glycoprotein 
complex: What parts can you do without?, Proc. Natl. Acad. Sci. USA 97 (2000) 
13464-13466. 
[39] D.J. Blake, and E. Martin-Rendon, Intermediate filaments and the function of the 
dystrophin-protein complex, Trends Cardiovasc. Med. 12 (2002) 224-228. 
[40] S.E. Newey, E.V. Howman, C.P. Ponting, M.A. Benson, R. Nawrotzki, N.Y. Loh, 
K.E. Davies, and D.J. Blake, Syncoilin, a novel member of the intermediate 
filament superfamily that interacts with alpha-dystrobrevin in skeletal muscle, J. 
Biol. Chem. 276 (2001) 6645-6655. 
[41 ] E. Poon, E.V. Howman, S.E. Newey, and K.E. Davies, Association of syncoilin 
end desmin: linking intermediate filament proteins to the dystrophin-associated 
protein complex, J. Biol. Chem. 277 (2002) 3433-3439. 
[42] J.A. Ursitti, P.C. Lee, W.G. Resneck, M.M. McNally, A.L. Bowman, A. O'Neill, 
M.R. Stone, and R.J. Bloch, Cloning and characterization of cytokeratins 8 and 
19 in adult rat striated muscle. Interaction with the dystrophin glycoprotein 
complex, J. Biol. Chem. 279 (2004) 41830-41838. 
[43] M.R. Stone, A. O'Neill, D. Cantino, and R.J. Bloch, Specific interaction of the 
actin-binding domain of dystrophin with intermediate filaments containing keratin 
19, Mol. Biol. Cell 16 (2005) 4280-4293. 
[44] T.S. Khurana, and K.E. Davies, Pharmacological strategies for muscular 
dystrophy, Nat. Rev. Drug Discov. 2 (2003) 379-390. 
[45] J.C. van Deutekom, and G.J. van Ommen, Advances in Duchenne muscular 
dystrophy gene therapy, Nat. Rev. Genet. 4 (2003) 774-783. 
[46] K.J. Nowak, and K.E. Davies, Duchenne muscular dystrophy and dystrophin: 
pathogenesis and opportunities for treatment, EMBO Rep. 5 (2004) 872-876. 
[47] W. Henke, K. Herdel, K. Jung, D. Schnorr, and S.A. Loening, Betaine improves 
the PCR amplification of GC-rich DNA sequences, Nucleic Acids Res. 25 (1997) 
3957-3958. 
53 
„~........... :._..-:~. .... _ __. ._. ~. . . . . ..::: -~ ~ _ -tee..._ ._, .. _.::.. ....~.... ..... . : :: --:. ..~~ _ ~~_ _..
'~~~~~~ 
~ ~-~ ~ 
l~ :C~ 
... ... 
~~ ~ 
~~ ~ ~:~ 
~~$~~ ~~~ 
Fig. 1. Dystrophin and utrophin molecules and their fusion protein constructs used in 
the protein-protein interaction assays. Schematic representations of both dystrophin 
and- utrophin showing their four well-defined domains: N-terminus, N; rod domain 
consisting of spectrin-like repeats; cysteine-rich domain, CR; and C-terminus, C are 
depicted. Also shown are the small proline-rich hinge regions (H) present in the rod 
domain (H 1, H2, H3, and H4). The fusion protein constructs are depicted below the 
schematics of both the proteins. The rod domains (R) of dystrophin and utrophin 
were divided into five regions containing 4-5 spectrin-like repeats each — R1, R2, R3, 
R4, and R5. Numbers in parentheses below each construct refer to the amino acid 
residues in the construct, with the N-terminus of the protein corresponding to residue 
number 1. The calculated molecular weights (MW) for each construct are also 
shown below the residue numbers. Coomassie blue-stained SDS-PAGE gels of the 
purified GST-fusion protein constructs of dystrophin and utrophin are shown. Note 
that the fusion protein construct R3 of dystrophin (boxed) is aHis-tagged fusion 
protein. The fusion protein construct R1 of utrophin is also boxed to show the 
purified protein. 
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Fig. 2. Human synemin molecules and their fusion protein constructs used in the 
protein-protein interaction assays. Schematic representations of both a-synemin and 
~-synemin molecules showing their three domains: N-terminus, N; rod domain, Rod; 
and tail domain, Tail are depicted. The fusion protein constructs are depicted below 
the schematics. The tail domain (T) of a-synemin was divided into six regions —TIA, 
TIB, TIIA, TIIB, TIII, and TIV. The tail domain of ~-synemin, which. is 312 a.a. smaller 
than the tail domain of a-synemin, contains TIA, TIB, and TII. Numbers in 
parenthesis below each construct refer to the amino acid residues in the construct, 
with the N-terminus of the protein corresponding to residue number 1. The 
calculated molecular weights (MW) for each construct are shown below the residue 
numbers. Coomassie blue-stained SDS-PAGE gels (on separate gels) of the purified 
GST-fusion protein constructs (MBP-fusion protein for synemin rod) of the synemin 
molecules are shown. The small arrows point to the correct fusion protein constructs 
on the gels. 
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Fig. 3. Blot overlay analysis of the interactions of purified avian synemin with 
bacterially expressed His-tagged fusion proteins of dystrophin and utrophin. (A) 
Coomassie blue-stained SDS-PAGE of His-tagged fusion proteins (bacterial cell 
lysates) of dystrophin (arrow points to R3), and (C) Coomassie blue-stained SDS-
PAGE of His-tagged fusion proteins (bacterial cell lysates) of utrophin. (B) His-
tagged fusion proteins of dystrophin as shown in (A), and (D) His-tagged fusion 
proteins of utrophin as shown in (C) on blots were overlaid with purified full-length 
avian synemin separately. The blots were then probed with anti-synemin 2856 pAb. 
Avian synemin did not show any binding to utrophin R2 (not shown). (E) Avian 
synemin (Av Syn) is recognized by the anti-synemin 2856 pAb in a Western blot. 
Control blots for both assays were treated identically, but were overlaid with buffer 
only (not shown). 
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Fig. 4. Blot overlay analysis of the interactions of GST-a-synemin TIIB with GST-
fusion proteins of dystrophin and utrophin. (A) Purified GST-fusion proteins of 
dystrophin and (C) purified GST-fusion proteins of utrophin on blots were overlaid 
with purified GST-a-synemin TIIB protein separately. The blots were then probed 
with anti-synemin pAb 2856. The GST protein was used as a negative control. (B) 
and (D) Identical control blots were overlaid with buffer only and probed with anti-
synemin pAb 2856. The pAb recognized GST-a-synemin TIIB (GST-SYN TIIB) 
(positive control). 
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Fig. 5. Blot overlay analysis of the interactions of MBP-synemin rod with GST-fusion 
proteins of dystrophin and utrophin. (A) Purified GST-fusion proteins of dystrophin 
and (C) purified GST-fusion proteins of utrophin on blots were overlaid with purified 
MBP-synemin rod protein separately. The blots were then probed with anti-MBP 
antiserum. The GST protein was used as a negative control. (B) and (D) Identical 
control blots were overlaid with buffer only and probed with anti-MBP antiserum. The 
antiserum recognized MBP-synemin rod (positive control). 
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Fig. 6. Blot overlay analysis of the comparison of interactions of GST-dystrophin CR 
and GST-utrophin CR proteins with GST-a-synemin TIIB. Equal amounts of purified 
GST-dystrophin CR and GST-utrophin CR on the blot were overlaid with purified 
GST-synemin TIIB protein as shown in the left panel of the figure. The blot was then 
probed with anti-synemin pAb 2856. The GST protein was used as a negative 
control. An identical control blot as shown in the right panel was overlaid with buffer 
only and probed with anti-synemin pAb 2856. The pAb recognized GST-a-synemin 
TIIB (positive control). 
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Fig. 7. GST pull-down analysis of the interactions of GST-dystrophin and GST-
utrophin fusion proteins with MBP-synemin rod and MBP-a-synemin TIIB. (A) and 
(B) Purified GST-fusion proteins of dystrophin and utrophin were bound to 
glutathione agarose beads, and then mixed with MBP-synemin rod separately. The 
proteins were then extracted from the beads and Western blotted with anti-MBP 
antiserum. The GST protein was used as a negative control. The anti-MBP 
antiserum recognized MBP-synemin rod (MBP-SYN Rod) (positive control). (C) 
Purified GST-fusion proteins of utrophin were bound to glutathione agarose beads 
and then mixed with MBP-a-synemin TIIB. The proteins were then extracted from 
the beads and Western blotted with anti-MBP Ab. The GST protein was used as a 
negative control. The anti-MBP antiserum recognized MBP-a-synemin TIIB (MBP-
SYN TIIB) (positive control). 
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Fig. 8. Colocalization of synemin and dystrophin in rat smooth muscle A-10 cells. 
Panels on the left (A and D) show immunofluorescence labeling of synemin with 
synemin pAb 2856. Panels in the middle show immunofluorescence labeling of 
dystrophin (B) with dystrophin mAb VIA4-2 A3 and of desmin (E) with desmin mAb. 
Panels on the right, C and F, are merged images of A and B, and D and E 
respectively. The arrows in panels A, B, and C point to the same position, and show 
that synemin colocalizes with dystrophin at the cell membrane in A-10 cells. Also as 
shown in panels D, E, and F synemin colocalizes with desmin (the major IF protein) 
in A-10 cells (positive control). Bar, 20 dam. 
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GENERAL CONCLUSIONS 
General discussion 
The overall goal of the research presented in this thesis was to determine 
whether there exists a direct connection between the IF network in muscle cells and 
the DAPC via interactions between the IF protein synemin, and both dystrophin and 
utrophin. My hypothesis was that synemin directly and specifically interacts with both 
dystrophin and utrophin. In order to test this hypothesis several research tools were 
developed that could also be useful for future studies. The two isoforms of human 
synemin were divided into several regions and different fusion protein constructs 
were prepared. Likewise, the large proteins dystrophin and utrophin were each 
divided into several domains/regions and different fusion protein constructs were 
prepared for testing protein-protein interactions with the expressed synemin 
constructs. 
In vitro protein-protein binding assays (blot overlay assays and GST pull- 
down assays) were used to identify interactions of tissue-purified avian synemin and 
of different, expressed regions of the two human synemins with the different, 
expressed domains/regions of both the dystrophin and utrophin molecules. Avian 
synemin was shown to directly interact with different, specific regions/domains (R3, 
R4, and CR) of dystrophin and (N and CR) of utrophin. The expressed rod domain of 
human synemin, which is identical in both a- and (3-synemin, interacted with the 
actin-binding rod domain region (R3) of dystrophin and also with the rod domain 
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region (R3) of utrophin. The C-terminal end of the tail domain (TIIB) of a-synemin 
interacted with the cysteine-rich (CR) regions of both dystrophin and utrophin 
molecules, and with a part of the long actin-binding rod domain region (R1) of 
utrophin. The CR region of utrophin showed stronger binding to the C-terminal end 
of the tail domain of a-synemin than did the CR region of dystrophin. In contrast to a-
synemin, which contained two binding sites for both dystrophin and utrophin, ~-
synemin contains only one binding site for both dystrophin and utrophin. 
Mammalian synemin was also shown to colocalize with dystrophin in muscle cells 
which is supportive of the protein-protein interaction results. In so far as I am aware, 
these are the first reported direct, specific interactions of synemin with both 
dystrophin and utrophin. 
The dystrophin and utrophin proteins are concentrated at specific regions 
within muscle cells, with dystrophin located at the costameres and utrophin at the 
NMJs and MTJs. Both dystrophin and utrophin proteins are known to interact with 
cortical actin filaments in muscle cells. The results of my research indicate that 
dystrophin and utrophin also interact with the IF network in muscle cells via their 
direct interaction with the IF protein synemin. costameres consist of multi-protein 
assemblies lying just below the sarcolemma, and appear to be regions through 
which the lateral transmission of forces takes place in muscle cells. The NMJs and 
MTJs are also regions of high stress, as are the costameres in striated muscle cells. 
The direct and specific interactions of synemin with dystrophin and utrophin, as 
described in this thesis, would help in connecting the peripheral layer of cellular 
myofibrils in muscle cells to the costamerc regions located along and subjacent to 
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the sarcolemma, and to the sarcolemma in the NMJs and MTJs. Thus, these 
interactions help maintain the overall stability and integrity of muscle cells. 
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